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Introduction

Heartwood has generally been distinguished from sapwood by the three
most distinctive features, the loss of the nucleus in the parenchyma cells, in-
creased extractives content, and a decrease in moisture content”. The mech-
anism of heartwood formation is, however, still obscure, although several workers
have endeavored to elucidate the problem.

CHATTAWAY (1952)” concluded from her cytological observation of Aus-
tralian trees that in the formation of heartwood the death of the ray cells is
preceded by a period of great physiological activity and then protoplasmic mem-
brane disintegrates to librate the extractives.

On the other hand, FREY-WyssLING and BOSSHARD (1959 stated that
the heartwood formation is an aging process in a living tree, through which the
parenchyma cells undergo irreversible changes such as degradation of the proto-
plasm and the disorganisation of the cell’s oxidizing system, without physiological
activation during the process.

In any case, the physiological significance of the intermediate wood which
is often recognized as a pale color zone between ordinary sap- and heartwood
has been noticed recently with special reference to heartwood formation®:®®.

In the present report some of the cytological”®® and physiological® char-
acteristics of cambial zone, sap- and intermediate wood are dealt with in relation
to heartwood formation. The occurrence of typical heartwood compounds in
the “artificial heartwood” obtained by boring through sapwood in standing tree
trunks is also described.

The results have indicated that the normal physiological activity concerning
cell growth such as protein and nucleic acid metabolism and the respiration con-
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cerned rapidly decrease from cambium toward sap- and intermediate wood, and
thus the concentration of phenols in heartwood should be the results of change
of the metabolic pathway in the ray cells of intermediate wood toward the aro-
matic biosynthesis.

Materials and Methods

Cytological Observation of Tissues

Several species of conifers (Cryptomeria japonica D. Don, Chamaecyparis
obtusa Sieb. et Zucc., Abies sachalinensis Fr. Scum. Picea jezoensis CARR. and
Thujopsis dolabrata Sieb. et Zucc. etc) and of broad-leaved trees (Magnolia
obovata Thunb., Pterocarya rhoifolia Sieb. et Zucc., Betula maximowicziana
Regel, Fraxinus mandshurica Rupr. and Quercus crispula Blume etc) were
felled during summer and autumn of 1964 to 1966 and used as samples. The
wood discs were taken at certain heights of the trees. The sticks (width, 1 cm)
through center of the fresh wood discs were cut off, and sap-, intermediate-
and heartwood of the sticks were separated immediately. The respective wood
blocks thus obtained were used for preparation of section in fresh and or in
fixed, respectively.

Determination of Deoxyribonucleic Acid (DNA)

Radial section (thickness, 15 p) of the fresh and or fixed wood blocks were
prepared by a sliding microtome from outer to inner parts successively and the
nuclei of ray cells were stained by Feulgen’s reagent. Then, DNA content
of the nuclei of the cells were determined according to the plug method of
LEUCHTENBERGERY by using a microspectrophotometer (MSP-AIV, Olympus
Optical Co.).

Detection of DNA and Ribonucleic Acid (RNA)

The ray cells of the wood sections of the fixed material were stained with
Azure B. DNA gave green-blue and RNA did purple or dark blue color. In
some case, the wood sections were also stained with methyl green and pyronine
B. DNA gave blue color and RNA did red color by this procedure. The
distribution of RNA and DNA in the ray cells was further confirmed by a
selective extraction of DNA and RNA with perchloric acid according to
Erickson, Sax and OcUr (1949)%. In the staining of the tissues thus extrac-
ted RNA and DNA were detected more clearly.

Detection of Starch Granules and Oil Droplets

Iodine solution was dropped on the sections of fresh wood and starch
granules in the cells were stained purple. Oil droplets in the cells were detected
by treating fresh tissues with Sudan III ethanol-glycerol solution, and they gave
yellow orange color.

Distribution of Shikimic Acid in Cells

Periodate solution (0.03 M) was dropped on the cross and radial sections of

a tree trunk of Illicium regiosum Sieb. et Zucc. After several minutes dropping
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of ethanol-aniline solution on the section shikimic acid gave pink color'.
Physiological Investigation of Wood Tissues
Respiration
Sections (0.1 mm thick) of the cambial zone, sap-, intermediate- and heart-
wood were made in the tangential plane. The sections (300 mg) thus obtained
were suspended in 2 mé of 0.1 M phosphate buffer (pH 6.8) in a Warburg flask
and 0.2mé of KOH (10%) was added in a center well to absorb CO, The
manometer were shaken at 30°C at the rate of 100 times a minute and oxygen
uptake by the tissues was measured for 4 hours.
Measurement of Cs/C, Ratio in Glucose Oxidation
Oxidation of glucose-1-"*C and -6-"C by tissues was measured at pH 6.8 in
0.1 M phosphate buffer using a Warburg respirometer. Each 0.2 uC of G-1-"C
(sp. act. 62.5 pC/mM) and G-6-"C (sp. act. 62.5 pC/mM) was used for 200 mg
of tissue sections and 0.2m#¢ of KOH was added in a center well. Oxygen
uptake was measured at 30°C for 4 hours. After completion of the measurement
the KOH solution in the center well was pipetted into a small test tube quanti-
tatively and potassium carbonate was converted to barium carbonate. The
precipitate of barium carbonate was filtered by a glass crucible and the radioac-
tivity of the carbonate was measured by a gas flow counter (Aloka FCI-E).
The total activity of the carbonate from respective glucoses and C¢/C, ratio were
calculated.
Injection of Glucose-1-*C into Cambial Zone of Illicium religiosum
A part of bark (2cm>2cm) of the stem was removed with a knife and
0.1mf of G-1-*C (1 ¢C, sp. act. 75.6 xC/mM) was injected into cambial zone
with a syringe. The treated part was covered with an original bark and a
scotch tape. After 24 hours the treated part of the stem was cut off and pul-
verized. The wood powder (17.5g) was extracted twice with hot 80% ethanol,
solvent was evaporated and the residue was dissolved in a small volume of
water. The water soluble part was applied to a column containing Amberlite
IRA 410 (carbonic acid form) and the acid fixed on the column was eluted with
1N ammonium carbonate. The acid solution was condensed in wacuo and
shikimic acid in the solution was analysed by paper chromatography using
phenol-water-formic acid (60:20:0.8, v/v) as an irrigant. Shikimic acid was
detected by a periodate and ethanol-aniline reagent and the corresponding part
on the chromatogram was extracted with 80% ethanol. The crude shikimic
acid thus obtained was further purified by a second chromatography using
butanol-acetic acid-water (4:1:2.2, v/v) as an irrigant, and then the acid was
crystallised from the acetone solution. M.p. 148°C. Radioactivity of shikimic
acid was counted by a gas flow counter. Specific activity of the acid. 0.36 xC/
mM. From the neutral fraction which was not fixed on the ion exchanger
radioactive glucose and xylose were detected by radioautogram.
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Phenol Oxidase
The acetone powder of fresh tissues of cambial zone, sap-, intermediate-
and heartwood were prepared at —15°C. The acetone powder was extracted
for 1 hour with cold 0.1 M phosphate buffer (pH 6.8) in a refrigerator and
crude enzyme in the extract was precipitated with ammonium sulfate (70%
saturation) at 3°C. The precipitate was dissolved in a small amount of the same
buffer and dialyzed against 0.05 M phosphate buffer (pH 6.8).
Assay of Phenol Oxidase
Oxidation of phenolic compounds by the phenol oxidase was measured using
a Warburg respirometer at 30°C. Catechol (0.05M, 0.5 m¢) solution in the side
arm was used as a standard substrate. Enzyme solution (2m#) in main com-
partment of a flask and 0.2 mé of KOH in center well were added, respectively.
Oxidation of caffeic acid, ferulic acid, sinapic acid, coniferyl alcohol, sugiresinol
and hydroxysugiresinol was measured in the same condition. The effect of CO
on the oxidation of catechol and hydroxysugiresinol was also examined using a
mixture of 90% CO+10% O, as gas phase of respirometer and air as control.

Phenylalanine Ammonia-Lyase
The acetone powder of tissues was extracted for 1 hour with cold 0.1 M
borate buffer (pH 8.8). The enzyme in the extract was precipitated with ammo-
nium sulfate (70% saturation), dissolved in the same buffer and used as enzyme
solution after dialysis.
Assay of Phenylalanine Ammonia-Lyase
Enzyme solution was incubated with L-phenylalanine or L-tyrosine in 0.1 M
borate buffer (pH 8.8) for 3 hours at 30°C, and the amount of trans-cinnamic
or p-coumaric acid formed was determined spectrophotometrically'®.
Nitrogen Determination
Wood sections (100 mg) of cambial zone, sap-, intermediate- and heartwood
were digested with conc. H,SO, in Kjeldahl flasks. Ammonia formed was
steam-distilled in the presence of excess NaOH, titrated with 1/50 N H,SO,, and
then the amount of crude protein was calculated.
Formation of Artificial Heartwood
In spring of 1966 small lateral holes were made by boring through sapwood
in standing tree trunks of Pinus densiflora and Cryptomeria japonica in the
Experimental Forest of Gifu University. The holes were washed well with 70%
ethanol and sealed aseptically with a wood block and a scotch tape. The trees
were felled in autumn of 1966 and the wood discs of the treated part were cut
off. Sapwood, the part of heartwood like coloration along the holes in sapwood,
and heartwood were separated by a chisel carefully. Each portion was cut into
small pieces with a knife and pulverized.
Extraction of Phenolic Compounds
Wood powder (5g) of each portion of Pinus densiflora was extracted with
acetone for 8 hours using a Soxhlet extractor. Acetone was evaporated and
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the residue was analysed by paper chromatography and thin layer chromatography.
As the extract of the artificial heartwood contained a large amount of terpenoid
campounds which was formed by a stimulation of boring the extract was treated
with cold hexane, hexane soluble part was removed and the insoluble part was
dissolved in a small smount of acetone and used for paper- and thin layer
chromatography. A mixture of benzene-ligroin-methanol-water (50 :50 :1 : 50,
vjv) for the former and a mixture of chloroform-acetic acid (9: 1, v/v) for the
latter were used, respectively. Pinosylvin, pinosylvin monomethyl ether, pin-
obdnksin and pinocembrin were used as authentic compounds, and diazotized
sylfanilic acid and ferric chloride-ferricyanate solutions were sprayed on the
chromatograms as detecting reagents,

Wood powder of Cryptomeria japonica was extracted with methanol for
10 thours using a Soxhlet extractor, and the extract was analysed by thin layer
chromatography using a mixture of acetone-petroleum ether (2:3, v/v) as an
ifrigant. Sugiresinol and hydroxysugiresinol were used as authentic compounds
and they were detected by the same reagents.

antitati've Determination of Pinosylvin, Pinosylvin Monomethyl
Ether, Sugiresinol and Hydroxysugiresinol

Pinosylvin and. pinosylvin monomethyl ether on the chromatogram were
extiacted with hot acetone, respectively and acetone was evaporated. The
residue was dissolved in a suitable amount of ethanol and the optical density of
the solution at 300 my was measured. The amount of pinosylvin and pinosylvin
monomethyl ether was calculated consulting the calibration curves of authentic
compounds.

Determination of sugiresinol and hydroxysugiresinol®® was carried out in fol-
lowing way. The methanol extract of Cryptomeria japonica was applied to
silicic acid column (2 cm x 20 cm) and eluted with a mixture of acetone-petroleum
ether (2:3, v/v), and the eluent was collected as five m¢ fractions. The frac-
tions of sugiresinol (3-8) and hydroxysugiresinol (8-12) were combined, separately
and the solvent was evaporated. Both compounds were purified further by thin
layer chromatography and the compounds were dissolved in a suitable amount
of ethanol, respectively and the optical density at 225 mp was measured. The
amount of both compounds was calculated consulting the calibration curves of
authentic compounds. '

Results and Discussion

Cytological Observation
The nuclei of ray parenchyma cells in cambial zone of conifers were glob-
ular, and with elongation of the cells to radial direction the nuclei became rod
and or ellipsoid shape, and appreciable differences in the shape among species
were not observed (Photo 1-3), whereas the nuclei of the ray cells of broad-
leaved trees were much smaller than those of conifers and were fusiform and
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or globular form, and the variation of
the shape was more or less dependent
on species (Photo 4-6).

In Magnolia obovata, Acantho-
panax sciadophylloides and Acer mono
the nuclei of the ray cells in cambial
zone were generally globular but in
the adjacent xylem the nuclei became
fusiform with elongation of the cells,
and in 2 or 3 annual rings the nuclei
of procumbent, upright and square ray
cells were fusiform and or globular
and in the more inner part of sapwood
the nuclei of all parenchyma cells were
globular.

In Kalopanax ricinifolium and
Fraxinus mandshurica the nuclei in
the ray cells of the outermost xylem
were fusiform but in other parts of
sapwood the nuclei became globular
form.
were small and globular form in whole
sapwood and in Tilia japonica the

In Morus bombycis the nuclei

T

&

Photo 1.
cells in cambial zone and in the outer-

Nuclei of the ray parenchyma

most sapwood of Abies sachalinensis.

nuclei of procumbent ray cells were fusiform and those of short procumbent,
and square ray cells towards radial direction at the boundary of annual rings

were globular form.

Photo 2.

Nuclei of the ray parenchyma cells in

springwood of Picea jezoensis.
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Photo 3. Nuclei of the ray parenchyma cells in
summerwood of Picea jezoensis.

Photo 4-5. Nuclei of the ray parenchyma cells of

Acanthopanax sciadophylloides.

4. Fusiform nuclei in 2 nd ring from cambium.
5. Nuclei being globular in inner sapwood.
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Photo 6. Nuclei of the ray parenchyma cells in outer
sapwood of Fraxinus mandshurica. Fusiform

nuclei are being globular in outer sapwood.

The transition of slenderness ratio (ratio of length to width)” of the nucleus
from outer sap- to inner sapwood of conifers is shown in Fig. 1. The ratios in
spring wood were about two times larger than those in summer wood and
this should be attributed to the fact that the ray cells in spring wood were
about two times longer comparing with those of summer wood. Both slenderness
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Fig. 1. Slenderness ratio of the nucleus of ray parenchyma cell
[rom outer sap- to inner sapwood of coniferous trees.

Note. C; cambial zone
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Fig. 2. Nuclear volume of ray parenchyma cell from outer
sap- to inner sapwood of coniferous trees.

Note. C; Cambinal zone

ratio and the volume of nuclei in the outermost annual ring decreased abruptly
in second annual ring and in the more inner sapwood the values were almost
constant (Fig. 2).

In any case the nucleus disappeared in heartwood and resinous heartwood

compounds were found in the ray cells of heartwood.
DNA Content in the Nucleus of Ray Parenchyma Cells

In Fig. 3, the absorption spectrum of the nucleus stained with Feulgen’s
reagent of ray cells of Cryptomeria japonica is shown. The figure clearly shows
the absorption peak at 560 my in the nucleus of sapwood. But, the nucleus in the
outermost heartwood did not give any appreciable absorption peak showing the
disorganisation of the nucleus. The disorganisation of the nucleus was easily
detected by ordinal microscopic observation. The color of the nucleus in the
outermost heartwood turned brownish with Feulgen reagent, and in the more
inner heartwood the nucleus disappeared.

The DNA content in the nucleus of ray cells is shown in Fig. 4. The
DNA content was either nearly constant from cambial zone to intermediate
wood or a little higher in intermediate wood and the direct relationship between
metabolic activity of ray cells and the DNA content could not be established.
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Fig. 3. Absorption spectra of stained nucleus of
Cryptomeria japonica with Feulgen’s reagent.

Note. 1; nucleus in the outermost sapwood
2; disorganized nucleus in the outermost heartwood
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RNA Content in the Nucleus of Ray Parenchyma Cells

It has been recognized that DNA is in the nucleus and RNA is localized
mainly in cytoplasm and in nucleolus. As shown in Photo 7 in the cells of
cambial zone and ray parenchyma cells of the outermost sapwood both cytoplasm
and nucleus were stained intensely with Azur B, and methyl green and pyronine
indicating large amounts of RNA in the cells. However, by extraction of RNA
with perchloric acid cytoplasm was stained less intensely comparing with the
original section and the nucleus which was not distinguished from the intensive
stain of cytoplasm in the original tissues became to be recognized clearly (Photo 8).

Photo 7. Stained ray parenchyma cells in the outermost sapwood
of Cryptomeria japonica with Azur B.

R Rl o IR ok

Photo 8. Stained ray parenchyma cells in the outermost
sapwood of Chamaecyparis obtusa with Azur B
after the extraction of RNA by perchloric acid.



178 Research Bulletins of the College Experiment Forests Vol. XXV, No. 1

Nucleus and RNA in cytoplasm were located to one side of the outer tan-
gential wall of ray parenchyma cells in the outermost sapwood of conifers. The
nucleus in this stage seemed to contain a considerable amount of RNA, as
nucleus giving a dark red color with methyl green and pyronine, and RNA in
cytoplasm was recognized in small granules like ribosome. RNA in cytoplasm
of ray parenchyma cells decreased rapidly from cambial zone toward the inner
sapwood within about 1-2 ring or 3-5 mm in width.

At this stage the localization of nucleus shifted from the outer tangential
wall to the central part of ray cells, and with methyl green and pyronine the
nucleus was stained blue, indicating the decrease of RNA. These results suggest
that RNA in the nucleus as well as in cytoplasm disappeared rapidly during
aging of wood tissues. In the inner sapwood, RNA in the cytoplasm of ray
cells was found slightly. During this stage, the nucleus in parenchyma strand
disappeared, and it was filled with resinous substances. In the innermost sapwood
and intermediate wood, some cells in ray parenchyma died and were stained
partially or all over in that cells. In the heartwood, all cells in ray parenchyma
tissues died and were stained rather homogeneously. These stained substances
are not nucleic acid, because they still remained in the sections after the selective
extraction of RNA. The results obtained should indicate that the synthesis of
nucleic acid and protein in ray cells decrease rapidly in the region of outer
sapwood. :

Localization of Starch Granules, Oil Droplets and Shikimic Acid

A large amount of starch granules was found in ray cells in younger sap-
wood and it decreased towards older sapwood. Conversely the content of oil
and fat in cells increased from younger sapwood towards older sapwood and even
in heartwood the compounds stained with Sudan III were found. However, as
Sudan II is not specific for fat at least a part of the compound in the older
sapwood and heartwood should be a terpenoid compound or a disintegrated cell
constituent. The results, in any case, suggest that oils and fats in the ray cells
might be synthesised from starch as well as sugars translocated from cambium.

Shikimic acid was located in the cytoplasm of ray parenchyma cells suggesting
the conversion of sugars to shikimic acid by the enzyme system in cytoplasm.

FrREY-WyssLING and BossHARD® found that the volume and slenderness
ratio of nuclei of ray parenchyma cells of conifers diminish gradually in the
direction from the sapwood to the heartwood, and in the intermediate wood the
volume of the nuclei is at a minimum. They also found that active mitochon-
dria are located only in a few annual rings inwards from the cambium. From
these observation FREY-WyYsSsLING and BossHARD concluded that the ray
cells of the intermediate wood do not display an intensified metabolism against
CHATTAWAY’s hypothesis® but in the intermediate wood the nuclei gradually
lose control, granules are hydrolysed, the enzymes of the sapwood parenchyma
disorganize, starch and an oxido-polymerization of the phenols becomes possible.
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The present experiment has confirmed most of their observation. However,
the DNA content in the nuclei of the ray cells does not vary significantly in
cambial zone and in sapwood, and then the volume of nuclei may not be a
good index of metabolic activity of the ray cells as well.

RNA content in cytoplasm and in nucleus, on the other hand, is much
related to the metabolic activity of the ray cells, and abundant RNA were found
only in the cells of cambial zone and the outermost xylem tissues. In the
innermost sapwood and intermediate wood RNA could not be found any more.
These results and the occurrence of shikimic acid in the cytoplasm of ray cells
should indicate that in the heartwood formation the metabolic activity of the
ray cells in the intermediate wood is not activated but the pattern of metabolism

of the ray cells changes from cambial zone to intermediate wood toward aromatic
biosynthesis.

" Physiological Investigation
Respiration of Tissues

The results of experiments on oxygen uptake by the tissues of cambial zone,
sap-, intermediate- and heartwoad are shown in Fig. 5-8. The rate of oxygen
uptake by cambial tissue which is richly protoplasmic is most rapid when expres-
sed on a wet weight basis, and the rate (about 150 p¢/g/hr) is almost the same

in Chamaecyparis obtusa and Thujopsis dolabrata, but in Cryptomeria japonica
the oxygen uptake amounted to 300 pf/g/hr. The adjacent outermost xylem
tissue has a lower rate and inner sapwood and intermediate wood have very
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Fig. 5. Respiration of tissues.

Fig. 6. Respiration of tissues.
Note. CZ; cambial zone, OS; outer sapwood,

Note. CZ; cambial zone, OS; outer sapwood,
1S; inner sapwood, IW; intermediate

IS; inner sapwood, IW; intermediate
wood, HW ; heartwood. wood, HW ; heartwood.
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Note. CZ; cambial zone, OS; outer sapwood,

1S ; inner sapwood,

IW ; intermediate

wood, HW ; heartwood.

The rate of oxygen uptake by tissues of broad-leaved trees is also similar

in Magnolia and in Populus and the highest rate is found in cambial zone (about
250 pb/g/hr).

The oxygen uptake by the intermediate wood of conifers and broad-leaved
trees was much lower than that of cambial tissue, and no intensified respiration
was observed in the all species tested. As shown in the figures a very low

oxygen uptake takes place even in the heartwood.

The oxygen uptake by

heartwood must be due to non-enzymatic oxidation of heartwood compounds
because the rate of oxygen was not affected by boiling.

Table 1 indicates the oxygen uptake per hour per mg of nitrogen in the

Table 1. Respiration of wood tissues (¢4 Ox/hr/mg N).
Samples (074 oS IS Iw HW
*C. japonica 70.4 155 17.2 16.3 29.7
**C. obtusa 52.1 257 16.4 14.6 9.3
*T. dolabrata 51.4 174 13.5 10.6 19.7
**M. obovata 439 11.9 15.1 141 25.0
Note.

IW; intermediate,-wood, HW ; heartwood.
*; Sample collected from the campus of Gifu University,
**; Sample collected from the Experimental Forest of

Gifu University.

CZ; cambial zone, OS; outer sapwood, IS; inner sapwood,
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tissues is a more satisfactory measure of actual living protoplasm, although some
of the nitrogen in the sapwood and all of the nitrogen in the heartwood must
be derived from dead cells. As shown in the table oxygen uptake on this
basis by cambial zone is about 60 pf/mg N/hr, and the rate is much lower in
the outer- and inner sapwood suggesting the occurrence of a large amount of
physiologically inactive nitrogen compounds in the tissue.

GoopwIN and GODDARD'™ reported that the oxygen uptake by the cambial
zone of Acer rubrum and Fraxinus nigra is most rapid, the values for the
adjacent xylem are somewhat lower, and inner sapwood towards heartwood the
values become progressively lower. They also found that the rate of oxygen
uptake in heartwood is very low and is not affected by boiling.

The experimental results have shown conclusively that the metabolic activity
of cambial zone, which may be correlated with growth and secondary wall for-
mation, is considerably high but the activity of the sapwood and intermediate
wood is very low and no acceleration of respiration is found contrary to
CHATTAWAY’s supposition.

Ozidation of Glucose-1-"C and -6-"C

It can be recognized in Fig. 9 that total amount of oxygen uptake in the
respiratory breakdown of glucose by tissues of Cryptomeria japonica decreased
from cambial zone towards intermediate wood.

The Ci/C, ratio in cambial zone is 0.8~0.9 and the ratio abruptly decreased
in sapwood and the values decreased gradually toward intermediate wood (Fig. 10).
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Fig. 9. Respiration of tissues in the presence of glucose.

Note C; cambial zone, O; outer sapwood, I; inner sapwood,
IW ; intermediate wood, H; heartwood.
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This phenomenon is very similar to that
observed in bamboo shoot'” in which upper
parts the greater majority of respiration is
performed through the glycolysis-TCA cycle
system, whereas in the tissues of lower parts
the pentose phosphate pathway largely con-
tributes to the respiration.
cambial zone obtained from the wood block
(50 cm length) with its cut ends covered
with paraffin and kept for about 1 month
at about 15°C, was 0.45, and also the value
of GC4/C, in cambial zone of fresh wood
felled in November
These results indicate that the pattern of
metabolism changes towards pentose phos-
phate pathway during storage or the dormant
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Anyway the
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the present

Note. C; cambial zone, O} outer
sapwood, I; inner sapwood,
IW ; intermediate wood.

experiment show that respiratory breakdown
of glucose through the glycolysis=TCA cycle system in cambial zone gradually
changes to that through the pentose phosphate pathway which may be mainly
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Fig. 11. Effect of 2, 4-dinitrophenol CO;.

and arsenite on glucose breakdown.
Note. I-O; control, I-1; 2, 4-dinitro-
phenol as an inhibitor, I-2;
sodium arsenite as an inhibitor,
C; cambial zone, O; outer sap-
wood, I; inner sapwood, IW;
intermediate wood.

related to the lignification of cell wall and
partly to the biosynthesis of phenolic com-
pounds other than lignin.

The effect of dinitrophenol and arsenite
on the respiration'® of the tissues is also
given in Fig. 11. Dinitrophenol, which indi-
rectly induces an increased rate of glycolysis
in the tissues, increases the contribution of
C, and the ratio comes closer to 1. As seen
in the figure the effect of dinitrophenol was
much stronger in the tissue of sapwood than
On the other hand, arse-
nite which blocks pyruvate utilization, in-
creases the relative contribution of C, to the

in cambial tissues.

The effect of arsenite on the respira-
tion of the tissues especially of cambial zone
was quite clear, and the C;/C, ratio of the
tissues with the inhibitor, is considerably
lower than those of the tissues without in-
hibitor. Thus the results further support the
contribution of pentose phosphate pathway,
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which favours shikimic acid synthesis, in the glucose metabolism of ray cells.

Hirris and INOUE! also used arsenite as an inhibitor of acetate utilization by
wood tissue of Rhus succedanea and found a marked increase in the formation of
flavonoids by this inhibitor. They explained this phenomenon as blockage of TCA
cycle which releases acetate to enable the formation of the A ring of flavonoid.
Present experiment, however, has indicated that pentose phosphate pathway is
rather predominant in the carbohydrate metabolism in the ray cells of sapwood
and that also arsenite mostly contributes to change the rate of glycolysis towards
pentose phosphate pathway which is favor to synthesis of the B ring of flavonoids.

Conversion of Glucose to Shikimic Acid in Wood Tissues

Conversion of glucose to shikimic acid in the woed tissues was clearly estab-
lished by injection of glucose into the cambial zone of Illicium religiosum. The
occurrence of radioactive shikimic acid in the injected stem indicates that the
conversion is effected in the wood tissue without the contribution of leaf and is
accordant with the fact that glucose-1-“C was converted with tissue culture of
strob pine?. Localization of shikimic acid in the cytoplasm of ray cells detected
by cytological observation further supports that the synthesis of shikimic acid is
mediated with the enzyme system in cytoplasm of ray cells.

Recently DieTrIcHS?, and HasEGawa and SHIROYA® showed the transfor-
mation of sucrose —*C into shikimic acid and quinic acid in the wood tissues
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Fig. 12. Localization of phenylalanine ammonia
lyase in wood tissues.

Note. CZ; cambial zone, OS; outer sapwood, IW; intermediate
wood, HW ; heartwood.
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of a beech and a cherry tree, respectively. These results suggest a possible
participation of the ‘“shikimic acid pathway” in the biosynthesis of heartwood
phenols.

Localization of Phenylalanine Ammonia-Lyase in Wood Tissues

A typical example of the distribution of phenylalanine ammonia-lyase in
cambial zone, sap-, intermediate- and heartwood of Chamaecyparis obtusa is shown
in Fig. 12. A considerable amount of enzyme was found in the cambial zone
and the activity markedly decreased towards sapwood. In the intermediate wood
the enzyme activity further decreased and no activity was found in the heart-
wood. A similar result was obtained for the tissues of Cryptomeria japonica.

The heartwood phenols including stilbene, flavonoids and condensed tannins
are known to be formed via both shikimic acid and acetate pathway. HAsEcawa
and SHIROYAY found the incorporation of sucrose into phenylalanine and heart-
wocd phenols in a cherry wood. Acetyl-CoA required to synthesize phloroglu-
cinol ring of the flavonoids and stilbenes may be produced not only from sugars
but also from fatty acid by the g-oxidation, which is widely distributed in the
parenchyma cells of sapwood to inter-
mediate wood.

The results of the present experi- 16or C.japonica
ment have shown that the activity of
phenylalanine ammonia-lyase is highest
in the cambial zone and decreases rap-
idly towards the sap- and intermediate
wood. The high activity in the cam-
bial zone should be mainly related to
the production of precursors of lignin.
However, in the sap- and intermediate
wood the cells have been completely
differentiated and lignified, and thus
the phenylalanine ammonia-lyase in
these tissues should be mostly respon-
sible for the synthesis of heartwood
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Phenol Oxidase in Wood Tissues
The oxidation of catechol by the ol . o
tissues of cambial zone, sap-, interme- €z 0s s w HW
diate- and heartwood of Cryptomeria Tissue

Jjaponica is shown in Fig. 13. The Fig. 13. The oxidation of catechol
by the wood tissues.

rate of oxidation of catechol by the '

tissues of cambial zone is quite high Note. CZ; cambial zone, OS; outer sap-
. . wood, IS; inner sapwood, IW;

but the oxidation by the other tissues intermediate wood, HW : heart-

is quite feeble. The oxidation of wood.
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catechol by the tissues of heartwood is due to the non-enzymatic one, because
the rate of oxidation is not affected by boiling.

Konpo et al® found a somewhat higher activity in the intermediate wood
than in the sapwood of Cryptomeria japonica in the oxidation of catechol.
However, quite a long period oxidation (40 hours) was carried out in their exper-
iment. The oxidation of catechol by phenol oxidase is quite rapid and within
30 minutes the oxidation is generally completed under ordinary condition, and
therefore their experiment results should be re-considered.

Thus the present experiment could not find any activation of phenol oxidase
in the intermediate wood. However, as LAIRAND® found a marked peroxidase
activity in the zone adjacent to the heartwood of some conifers it will be still
possible to postulate some activation of phenol oxidase in the intermediate wood
in some physiological condition.

Substrate specificity of the enzyme in cambial zone of Cryptomeria japonica
is given in Fig. 14. Caffeic acid and catechol are oxidized very rapidly, but the
rate of oxidation of hydroquinone, guaiacyl- and syringyl compounds are very
low. Fig. 15 shows the CO inhibition of the enzyme activity in the oxidation
of catechol. As expected from the substrate specificity the oxidation of catechol
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Fig. 14. Substrate specificity of Fig. 15. Carbon monoxide inhibition of
phenol oxidase. catechol oxidation by phenol
Note. C; catechol, (1); caffeic acid, (2); oxidase.
hydroquinone, {3); coniferyl alcohol, Note. (1); air phase, (2); mixture of CO
(4); ferulic acid, (5); synapic acid, gas (95%) and 0; gas (5%).

(6); syringaldehyde.
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was inhibited by CO and the results indicate that the phenol oxidase in the
cambial zone of Cryptomeria japonica is a o-diphenol oxidase against the finding
of p-dihydroxyphenol oxidase in the leaves of Cryptomeria japonica by CAMBIE
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Fig. 16. Oxidation of sugiresinol and hydroxysugiresinol
by phenol oxidase;

Note. (1); bydroxysugiresinol, (2}; mixture of hydroxysugire-
sinol and sugiresinol (5:1), (3); sugiresinol.
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Fig. 17. Coloring of the mixture of hydroxysugiresinol
and sugiresinol by phenol oxidase.

Note. {1); hydroxysugiresinol, {2), (3) and (4); mixture of
hydroxysugiresinol and sugiresinol in the ratio of
3:1, 2:1 and 1:1, respectively, (5); sugiresinol.
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and Bocks®.

Sugiresinol and hydroxysugiresinol were isolated from heartwood of Crypto-
meria japonica and their structure was determined by Koxpo et al* and Kar®
and have been presumed to be precursors of coloring substances of heartwood
of this species.

The oxidation of sugiresinol and hydroxysugiresinol with phenol oxidase is
shown in Fig. 16, respectively. The rate of oxidation of sugiresinol is quite low
and the color of the oxidation product is pale yellowish brown, whereas the
rate of oxidation of hydroxysugiresinol is considerably high and the color of
the oxidation product is dark brown. As can be seen in Fig. 17 the rate of
oxygen uptake and the darkness of the oxidation products are almost proportional
to the amount of hydroxysugiresinol in the mixture of both compounds.

Thus, the present experiment supports the view that both compounds
especially hydroxysugiresinol should be precursors of coloring substances in the
heartwood of Cryptomeria japonica. However, as stated previously the enzyme
activity could not be found in the intermediate- and heartwood so the coloration

by the oxidation of both compounds might be due to non-enzymatic oxidation
lasting for a long time.

Nitrogen Content in Wood Tissues

As shown in Table 2, through conifers and a broad-leaved tree the amount
of nitrogen in cambial zone is highest and abruptly drops in sapwood and
decreases towards heartwood. Against expectation from CHATTAWAY’s hypoth-
esis, the result could not show any increased synthesis of protein in the
intermediate wood. BECKER® also found that the protein content at sapwood-
heartwood boundary of pines does not increase. Recently LaibLaw and SmiTH®
examined the distribution of protein content in the wood tissues of Scots pine
and obtained quite similar result to the present experiment.

Table 2. Nitrogen content in wood tissues {mg N/g of wet weight).

Samples CZ 0OS is W HW
*C. japonica 413 1.31 0.32 0.35 0.63
(. obtusa 293 0.68 0.70 071 0.81
**T. dolabrata 243 0.86 0.74 0.57 0.76
**M. obovata 5.57 1.05 0.76 0.39 0.52

Note. CZ; cambial zone, OS; outer sapwood, 1S; inner sapwood,
IW ; intermediate wood, HW ; heartwood.
*; Sample collected from the campus of .Gifu University,
**. Sample collected from the Experimental Forest of Gifu
University.

Formation of Artificial Heartwood
The first experiment of the formation of heartwood by boring through
sapwood into heartwood of beech tree trunk had carried out by Yazawa and
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Photo 9. Artificial false heartwood formed by lateral

boring (Fagus crenata).

Hicucni®. By this treatment coloration like heartwood along the hole is
initiated and finally heartwood with irregular shape containing initiation part
by boring is formed. The authors called this “artificial heartwood”.  The
experiment has been continued by Yazawa and Isnipa® for many conifers and
broad-leaved trees. By these experiments the morphorogical and cytological
similarity between natural heartwocd and artificial heartwood has been estab-
lished but the identification of the compounds in artificial heartwood has not yet
been carried out. (Photo 9).

In the heartwood of Pinus densiflora, pinosylvin, pinosylvin monomethyl
ether, pinobanksin and pinocembrin are generally found®. In the sapwood,
however, very small amount of pinosylvin and pinosylvin monomethyl ether
have been found.

Acetone extract of heartwood and artificial heartwood of Pinus densflora
contains a substantial amount of pinosylvin and pinosylvin monomethyl ether.
Pinocembrin and pincbanksin are contained in fairly amount in the heartwood
extract but in the artificial heartwood the amount of the compounds are very
small. Table 3 shows the amount of pinosylvin and pinosylvin monomethyl ether
in the heartwood, in the artificial heartwood and in the sapwood, respectively.
As can be seen in the table the amount of both compounds in the artificial
heartwood were still less than those in the heartwood but is considerably high,
compared with those in the sapwood.

The amount of sugiresinol and hydroxysugiresinol in the methanol extract
of heartwood and artificial heartwood is also shown in Table 3. Again in
Cryptomeria japonica, the amount of both compounds in the artificial heartwood
is rather comparable with those in the heartwood and a clear difference in the
amount of both compounds is recognized between artificial heartwood and sap-
wood. Thus the results indicate that at least in Cryptomeria japonica and
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Table 3. The amount of phenolic compounds in natural
and artificial heartwood.

C. japonica N. HW A. HW Sapwood
sugiresinol 0.27 0.15 trace
hydroxysugiresinol 0.69 0.31 trace
P. densiflora

pinoslyvin : 0.12 0.02 trace
pinosylvin 0.14 0.01 trace

monomethyl ether

Note. N. HW ; natural hearwooci, A. HW; artificial heartwood.
The amount of the compounds was expressed in mg/g dry matter.

Pinus densiflora a quite similar pattern of metabolic pathway which functions
in the formation of natural heartwood might be induced in the artificial heart-
wood by boring, and then artificial heartwood should be a good model in
research of metabolism as well as morphorogical characteristics in heartwood -
formation.

Recently JORGENSEN® found that formation of heartwood substances is
induced in the affected parts of the sapwood by mechanical damage of bark and
cambium of Pinus resinosa. He detected pinosylvin and pinosylvin monomethyl
ether in affected sapwood and concluded that these compounds are formed by
living cells in the sapwood under the influence of desiccation and or aeration.

However, in some woods especially broad-leaved trees the formation of some
artefacts other than natural heartwood compounds might be induced by boring
and then analytical results of the compounds should be carefully considered in
such cases.

Summary

The mechanism of heartwood formation has been studied by means of
cytological observation and biochemical investigation of the metabolic pattern of
the ray cells from cambial zone towards intermediate wood.

The nuclei of ray parenchyma cells in cambial zone of conifers were glob-
ular, and with elongation of the cells to radial direction the nuclei became rod
and or ellipsoid. The volume and slenderness ratio (ratio of length to width)
of nuclei of conifers decreased abruptly in second annual ring and in the more
inner sapwood the values were almost constant.

The nuclei of ray cells of broad-leaved trees, however, were much smaller
than those of conifers and were fusiform and or globular form, and the varia-
tion of the shape was more or less dependent on species.

The DNA content in the nucleus was either nearly constant from cambial
zone to intermediate wood, and these facts may not necessarily relate to the
metabolic activity. However, in cambial zone a large amount of RNA was
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found and in the innermost sapwood and intermediate wood RNA scarcely
found, and thus the amount of RNA seems closely related to the metabolic
activity of the ray cells. :

Through conifers and broad-leaved trees the rate of oxygen uptake by res-
piration of cambial tissue was most rapid, the adjacent outermost xylem tissue
had a lower rate and inner sap- and intermediate wood had very low rate. The
oxygen uptake by intermediate wood was much lower than that of cambial tissue
and no intensified respiration was observed in the all species tested.

The C,/C; ratio of the radioactivity of CO, formed by respiratory breakdown
of glucose-1-*C and —-6-C" in cambial zone was 0.8-0.9 and the ratio abruptly
decreased in sapwood and the values further decreased gradually towards inter-
mediate wood. The results support the more contribution of pentose phosphate
pathway which is favor to shikimic acid synthesis in the older ray cells.

Occurrence of shikimic acid in the cytoplasm of ray cells and conversion
of glucose-1-*C to shikimic acid—*C were established, and the results suggest a
" possible participation of shikimic acid pathway in the biosynthesis of heartwood
phenols.

A considerable amount of phenylalanine ammonia-lyase was found in the
cambial zone, the activity markedly decreased towards sapwood, the enzyme activ-
ity in the intermediate wood further decreased and no activity was found in
the heartwood. The enzyme in the ray cells of sap-and intermediate wood
should be mostly responsible for the biosynthesis of heartwood phenols.

The o-diphenol oxidase was abundant in the cambial tissue, but the enzyme
activity in other tissues was quite low. No activity of the enzyme in the inter-
mediate wood was found.

Sugiresinol and hydroxysugiresinol which are assumed to be precursors of
coloring substances of heartwood of Cryptomeria japonica were oxidized with
the o-diphenol oxidase. Sugiresinol was slowly oxidized to a pale yellowish
brown compound and the hydroxysugiresinol was rapidly oxidized to a dark
brown compound. However, as the enzyme activity could not be found in the
intermediate wood both compounds should be oxidized to coloring substances
non-enzymatically.

Nitrogen content in the cambial zone was highest and the amount was
abruptly dropped in sapwood and decreased towards heartwood.

In artificial heartwood of Pinus densiflora formed by boring through sap-
wood into heartwood substantial amounts of pinosylvin and pinosylvin mono-
methy] ether were detected. Similarly in the artificial heartwood of Cryptomeria
Jjaponica considerable amounts of sugiresinol and hydroxysugiresinol were found
and the amount was comparable with those in heartwood. Thus artificial heart-
wood should be a good model in research of metabolism as well as morpho-
rogical characteristics in heartwood formation.

The results of the present experiment conclusively indicated that the physio-
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logical activity of the ray parenchyma cells of intermediate wood of conifers
and broad-leaved trees was quite low, and in the formation of heartwood no
increase of normal physiological activity as in cambium occurred in the inter-
mediate wood. Therefore, the formation of large amounts of heartwood extrac-
tives must be the results of the change of metablic pathway towards the synthesis
of secondary products and the activation of some enzymes involved.
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