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Radial distribution of heartwood phenols and the
cytological changes of ray parenchyma cells associated
with heartwood formation in Japanese red pine
(Pinus densiflova Sieb. et Zucc.)
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Résumé

To clarify the characteristics of heartwood formation in Japanese red pine (Pinus densiflora) radial dis-
tribution of heartwood phenols and cytological structure were investigated. The results were: {1) The
boundary between sapwood and heartwood was distinct although the intermediate wood (or white zone)
was not recognized. (2) Methanol extractives were small amount in sapwood and increased in the transi-
tion zone from sapwood to heartwood. (3) From the analysis of methanol extractives by thin layer
chromatography it was revealed that pinosylvin and its monomethyl ether were the two main heartwood
phenols, In sapwood they were in trace amount but they increased abruptly in the transition zone. (4) The
percentage of living ray parenchyma cells was almost 100% in the sapwood and in the transition zone
from sapwood to heartwood (within one annual ring) it decreased to 0%. (5) Main reserve substance was
lipids. In sapwood they showed neutral lipidic nature. In the transition zone they abruptly changed quan-
titatively and qualitatively. (6] Moisture content was high in sapwood and it decreased in heartwood.
Comparing June and October it was a distinctive feature that higher moisture content in the inner sap-
wood in June decreased in October. (7) From the characteristics mentioned above it was revealed that all
of the investigated features showed abrupt changes in the very narrow region between sapwood and
heartwood. From the comparison of the characteristics between June and October it was considered that
heartwood formation progressed after summer. From the comparison of the features of heartwood forma-
tion between Japanese red pine and Japanese cedar, moreover, it was concluded that the investigated
characteristics of Japanese red pine basically resembled to those of Japanese cedar.
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1. Introduction

For the elucidation of the mechanism of heartwood formation it is important to inves-
tigate both cytological characteristics of ray parenchyma cells and heartwood substances
and to discuss the relationship between them. Nobuchi and others? reported the charac-
teristics of heartwood formation in Japanese cedar (Cryplomeria japonica D. Don) from this
view point.

The type of heartwood is generally species-dependent. From the report” concerning the
types of heartwood which were investigated from the radial changes of the proportion of
living ray parenchyma cells, Japanese red pine showed different pattern from that of Jap-
anese cedar. One of the possible reasons is that the latter has a clear intermediate wood
but the former generally does not have it, In addition to the intermediate wood the main
reserve substance of the former is lipids different from the latter in which starch is the
main reserve substance®.

In this report, therefore, the characteristics of heartwood formation in Japanese red
pine has been investigated. The discussion of the features of heartwood formation in Jap-
anese red pine has been carried out in comparison with Japanese cedar.

Authors wish to express their sincere thanks to Dr. S. Mibayashi, Ishikawa Forestry
Center, for his cooperation in the experiment of thin layer chromatography.

2. Materials and methods

2.1 Materials Table 1 Description of sample trees*

Two Japanese red pine (Pinus densif- Tree name Tree A Tree B
lora Sieb. et Zucc.) trees which grew in  Age (year) 65 66
the natural forest of Wakayama Exper-  Height (m) 18 17
imental Forest of Kyoto University D.B. . (em) 46 49
were selected for the sample trees. The  Date of taking | June 6, 1986 June 6, 1986
conditions of sample trees and the sample {by an increment horer**} | (Felling)

o i Oct, 9, 1986
dates of felling are shown in Table 1. (Felling)

In one sample tree (Tree A), sample ~+ Wwood blocks were taken from the breast height
blocks were taken in two seasons to  ** Wood blocks containing sapwood and outer
investigate seasonal features of heart- heartwood were collected



134 RUKiHRGE 194

wood formation, that is in June which is thought to be the pre-stage of heartwood forma-
tion and in October which is to be in the process of heartwood formation.

2.2 Methods

Sample blocks taken from the living tree were immediately treated as follows:

2.2.1 Analysis of heartwood phenols .

The fresh sample block containing cambium to pith was divided into small blocks and
each small block was soaked in methanol. The method of phenol analysis was based on
Mibayashi and others®. The developer in thin layer chromatography (TLC) was benzene
and acetone (4:1). Two major heartwood phenols of Japanese red pine, pinosylvin and
pinosylvin monomethy! ether, were analyzed using a chromatoscanner (Shimadzu, C5-920).
The maximum ultraviolet (UV) absorbance was 301nm for both phenols. The data were
shown as the average of three measurements.

2.2.2  Moisture conleni

The radial change of moisture content was investigated. The division of sample blocks
from cambium to pith was the same as for the analysis of heartwood phenols.

2.2.3  Light microscopy

Wood blocks containing cambium to pith were fixed immediately with 3% glutaral-
dehyde (phosphate buffer, pH 6.98). Radial sections 20um in thickness were cut covering
from cambium to pith and were stained as follows: Safranin and light green for nuclei,
Nile blue or Sudan IV for lipid droplets, and I,-KI for starch grains. The radial changes
of the percentage of living ray parenchyma cells and the changes in reserve substances —
lipid droplets, starch grains — in the transition zone from sapwood to heartwood were
mainly investigated.

3. Results and discussion

3.1 Characteristics of xylem color between sapwood and heartwood

The heartwood color of both sample
trees showed pale brown and an inter-
mediate wood (or white zone) was not
recognized between sapwood and heart-
wood (Fig. 1). Figure 1 was taken just
after felling. The sapwood shows darker
color in a black and white print because
of the high moisture content of sapwood.
In this study, therefore, the xylem from
cambium to pith was divided into sap-

wood and heartwood based on the wood

Fig. 1 A transverse section of Japanese red pine

showing the boundary between sapwood and color.

heartwood (arrows). No intermediate wood is Harris® reported the existence of dry
observed (Tree B, June). wood zone which corresponded to white



HOKBH66 94 135

zone between sapwood and heartwood in Pinus radiate. 1t is possible that there are two
cases having and not having intermediate wood in the genus.

3.2 Radial distribulions of methanol extractives and heartwood phenols

A radial distribution pattern of methanol extractives in tree A {(October) is shown in
Fig. 2. The quantity of methanol extractives was small in sapwood ranging between
1-2%, increased in the transition zone from sapwood to heartwood, and was large in
heartwood region. It was also characteristics that they increased towards pith in heart-
wood region. The methanol extractives are considered to include phenols, methanol solu-
ble lipids and others. The proportion of lipids and oleoresin in the methanol extractives is
thought to be high in sapwood because Pinus densiflora belongs to “fat tree” and has resin
canals. Similar radial distribution patterns of methanol extractives were obtained in Tree
A (June) and Tree B (data are not shown).

On TLC plate two main spots showed strong absorbance in UV range in the measure-
ment of methanol extractives by a chromatoscanner. After comparing them with standard
phenols, it was determined that they were pinosylvin (Rf value=0.44) and pinosylvin
monomethyl ether (Rf value=0.74). The determination of the absolute values of two
phenols was based on the calibration curves taken from the measurement of standard
phenols, Calibration curves are shown in Fig. 3. In Fig. 3 calibration curves showed almost
straight lines which cross the origin. Towards high concentration, however, the con-
centration of phenols is not always proportional to area value, especially in pinosylvin

10
<~ Sapwood Heartwood ——>

Methanol extractives (%)
o1
H

0 10 20 30 40 50 60
Number of annual rings from the cambium

Fig. 2 Radial distribution pattern of methanol extractives (Tree A, October).
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monomethyl ether. It is possible that un-

600 r derestimation will occur towards higher

concentration. In the real measurement in

g 400 r TLC, we controlled the concentration of

g - methanol extractives to be put in the

< 200 F range of a straight line of calibration
5 curves.

0 , , , \ , i Radial distribution patterns of two

0 o 4 6 8 10 12 heartwood phenols in Tree A (October)

(Q) Microlitre of pinosylvin (10.3mg/ml) and Tree B (June) are shown in Figs. 4

(a) and 4 (b), respectively. Both pinosylvin

600 r and its monomethyl ether showed almost

- trace amount in sapwood and they in-

8 400 | < e creased abruptly in the boundary between

z A sapwood and heartwood. They showed

g 200 + high levels in heartwood although the

] levels showed fluctuation. The proportion

0 : . ; y | of heartwood phenols was between

0.5-2.0% of the dry weight of wood.
Hata® reported that the proportion of the
total of these two crystallized phenols
was 0.36% of dry weight of wood. He
Fig. 3 Calibration curves of pinosylvin (a) and its also reported that 0.36% of phenol

monomethyl ether (b). showed only pure crystals and extractives

0 2 4 6 8 10

Microlitre of pinosylvin monomethyl ether
( b) (10.3mg/mi)

contained more phenols which were not
separated as crystals. The data of present experiment, therefore, are considered to he
reasonable.

In the studies of the relationship between wood color and extractives in Japanese cy-
press, Hayashi and others” reported that pinky and pale colors of wood coincided with
more or less the quantity of hinokiresinol. This result indicates that the rhythm of in-
crease and decrease of extractives occurs in the heartwood region, although the reason is
not clear. It is thought in the present trees that the fluctuation of the amount of heart-
wood phenols occurred for some reasons.

Comparing Tree A and B in Fig. 4, the ratio of two heartwood phenols was different
between trees. That is, in Tree B pinosylvin monomethyl ether was much more than
pinosylvin but in tree A there was not so much difference. This result reveals that the
variability of the ratio of heartwood phenols occurred even if the same kinds of phenols
were included in Japanese red pine.

Regarding the seasonal features of heartwood formation it is reported that heartwood
formation started in summer season and had its maximum in autumn®~'®, June and Oc-
tober are, therefore, thought to be the pre-stage of heartwood formation and the season
of heartwood formation, respectively. To consider the seasonal characteristics of heart-
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Fig. 4 Radial distribution patterns of pinosylvin and its monomethy! ether.
(a) Tree A, October, (b} Tree B, June.

wood formation from the biosynthesis of heartwood phenols, the amount of each phenol
between June and October was compared in tree A. The assumption that the boundary
between sapwood and heartwood moved one annual ring ahead towards cambial side dur-
ing four months from June to October was adopted. That is, the innermost annual ring of
sapwood in June was thought to be the cutermost annual ring of heartwood in October.
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Fig. 5 Copmarison of the radial distribution patterns of pinosylvin between June and October in Tree A.

Figure 5 shows the comparison of heartwood phenol between June and October (only the
data of pinosylvin are shown). In Fig. 5, therefore, the horizontal axis standardized based
on the boundary between sapwood and heartwood of October.

Comparing the positions of taking sample blocks between June and October, circum-
ferential positions were different although both were taken at the breast height from the
ground level. The radial distribution patterns of each phenols, however, showed good
coincidence between them. In the outermost annual ring of heartwood in Fig. 5 two
phenols showed conspicuous increase from June to October. This indicated that the
biosynthesis of heartwood phenols progressed during these months. The season of heart-
wood formation is thought to be in accordance with the results of past reports®'® in
which the heartwood formation started from summer to autumn.

Only trace amounts of two heartwood phenols were detected in sapwood. Detailed ob-
servation revealed that pinosylvin monomethyl ether was included more than pinosylvin.
This ‘tendency is thought to be reasonable from the consideration that Rudloff and Jor-
gensen'? presumed that pinosylvin monomethyl ether was the precursor of pinosylvin.

3.3 Characteristics of cytological structure of ray pavenchyma cells associated with heartwood
Jormation
3.3.1 Radial changes of the proportion of living ray parenchyma cells
The proportion of living ray parenchyma cells in each annual ring was measured from
cambium to pith based on Ziegler'® and Nobuchi and others?. The results in Tree A are
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Fig. 6 Radial distribution pattern of the percentage of living ray parenchyma cells (Tree A, October).

shown in Fig. 6. The proportions of living ray parenchyma cells showed almost 100%
from outer to inner sapwood and they decreased to 0% within one annual ring in the
transition zone from sapwood to heartwood.

From the more detailed observation of radial distribution patterns near the boundary in
Tree A (June and October), the proportion of living cells decreased more rapidly in June,
and rather gradually in October. The difference between them is considered to be because
of the seasonal difference of heartwood formation. That is, in October which is thought to
be the mid season of heartwood formation, the proportion of dead cells increased.

The radial width where the proportion of living ray parenchyma cells decreased from
100 to 0%, however, was one annual ring at the most. This narrow width was considered
to be characteristics of Japanese red pine differing from, for example, Japanese cedar. In
this experiment living ray parenchyma cells existed in the outermost amnual ring of
heartwood. This tendency is in accordance with the results in Japanese cedar'®,

3.3.2  Changes of reserve substances associated with heartwood formation

Main reserve substance in Japanese red pine was lipids. Starch grains were also, in gen-
eral, observed in the ray parenchyma cells of sapwood, disappeared with the death of the
cells, and did not exist in heartwood.

Lipid generally showed droplet-like structure (Fig. 7 (a)). They showed reddish pink with
Nile blue and red with Sudan IV in sapwood. The lipid droplets in sapwood, therefore, are
thought to be neutral lipid judging from the color. Lipid droplets showed conspicuous
changes at the boundary between sapwood and heartwood. That is, the color changed
from reddish pink to blue in the sections stained with Nile blue (photograph is not shown)
and the shape also changed from droplet-like to irregular shape (Fig. 7 (b)). These changes
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in lipids indicate the decrease in the vol-
ume of neutral lipids and the biochemical
changes of neutral lipids to other
materials. In the necrosis of ray paren-
chyma cells of Pinus thunbergii inoculated
with pine wood nematodae, Bursaphelen-
chys xylophilus, it is reported that lipid
droplets changed from reddish pink to
blue!. The changes in lipid droplets in
this experiment, therefore, are thought to
have strong relationship to the death of
ray parenchyma cells.

3.4 Radial changes of moisture content
Characteristics of water in the sap-
wood-heartwood boundary were inves-
tigated from the radial distribution pat-
terns of moisture content. The results of
Tree A (June and October) are shown in

Fig. 7 Light micrographs of radial sections stained Fig. 8. In Fig. 8 the horizontal axis is
with Sudan 1V showing lipid droplets (L) based on the sample of June and two cur-

(Tree A, October). (a} Sapwood, (b) heartwood.  ves are adjusted at the boundary between

Moisture content (%)
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Fig. 8 Radial distribution patterns of moisture content (Tree A).
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sapwood and heartwood. -

The moisture content of sapwood, especially in the inner sapwood, showed higher value.
It abruptly decreased at the sapwood and heartwood boundary and showed low values
(about 40%) in heartwood. In Japanese cedar, the low moisture content in intermediate
wood was the general pattern'®. This is a very much different point from Japanese red
pine which has no intermediate wood.

Comparing June and October, there was a conspicuous difference in moisture content in
the inner sapwood. This difference in moisture content is considered to be the seasonal
fluctuation of moisture content. If the drying of the tissue at the boundary between sap-
wood and heartwood is one of the necessary conditions for heartwood formation as
Zycha'® pointed out, the low moisture content in the inner sapwood in October is thought
to contribute to heartwood formation.

3.5  The characteristics of heartwood formation in Japanese red pine

The characteristics of heartwood formation in Japanese red pine were discussed con-
sidering the relationship among the features mentioned above.

It was the noticeable characteristics that the abrupt changes in measured and observed
points occurred in the transition zone from sapwood to heartwood. That is, the proportion
of living ray parenchyma cells abruptly decreased from 100 to 0% in this zone together
with the disappearance of starch grains and the changes of lipid droplets. Moisture con-
tent also decreased and heartwood phenols increased abruptly in very narrow region from
sapwood to heartwood. In Japanese cedar it was reported that the changes of characteris-
tics under discussion occurred in wide range of the intermediate wood which was general-
ly composed of a few annual rings. Although an intermediate wood was not observed in
Japanese red pine of present experiment, investigated changes in the transition zone of
Japanese red pine, however, were similar qualitatively to those of Japanese cedar. We can
conclude, therefore, that the zone of transition from sapwood to heartwood was very nar-
row In Japanese red pine but changes concerning heartwood formation were basically the
same tendency as Japanese cedar which has a clear intermediate wood.
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