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Effects of different inclination angle of stems on anatomical and chemical
characteristics of tension wood in Cercidiphyllum japonicum Sieb. et Zucc.
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ABSTRACT

Objectives of this study are to clarify the effects of different inclination angle of stems on surface-released strain, and
anatomical and chemical characteristics of tension wood in Cercidiphyllum japonicum Sieb. et Zucc. Stems of seedlings
were inclined at 0, 30, 50, and 70 degree from the vertical to promote the tension wood formation. Surface-released strain
in inclined stems at all angles showed larger negative values compared to normal wood. Radial growth promotion on upper
side was confirmed in all inclined stems, and eccentric growth ratio increased with increase of stem inclination angle. In the
all inclined stems, formation of gelatinous (G)-layer and lack of Ss layer were observed in wood fiber. Significant decrease
in number and diameter of vessel, and pit aperture angle of wood fiber were observed on the all tension wood samples
compared with those in normal wood, except for vessel diameter in the tension wood sample at 30 degree of inclination
angle. Compared to normal wood, tension wood samples showed lower lignin and xylose contents, whereas higher glucose,
arabinose, and galactose contents. Almost all anatomical and chemical characteristics were gradually altered with increase
in stem inclination angle. However, vessel frequency, MFA, and lignin and galactose contents started to change at 30 degree
of stem inclination angle, and these values were almost the same at other inclination angles. It is considered that rapid
alteration in these four characteristics might be important for supporting inclined stems in C. japonicum.
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1. Introduction

Woody plants develop specific tissue against
gravitational and/or inclination stimulus (Onaka 1949;
Scurfield and Wardrop 1962; Timell 1969; Yoshizawa
1987; Evert 2006; Groover 2016). This specific tissue
is called as reaction wood. The reaction wood forms to
return the axis of a leaning tree to the normal or vertical
position, or maintain the original equilibrium position with
regard to branch (Onaka 1949; Timell 1969; Yoshizawa
1987; Evert 2006; Groover 2016). In general, reaction
wood in gymnosperms is called as compression wood,
because excessive compressive growth stress occurrs on
the lower side of inclined stems or branches (Onaka 1949;
Yoshizawa 1987; Evert 2006; Groover 2016). Conversely,
many angiosperms form reaction wood, generally referred
to tension wood, on the upper side of inclined stems or
branches (Onaka 1949; Timell 1969; Evert 2006; Hiraiwa
et al. 2013; Aiso et al. 2016b; Groover 2016). Tension
wood is characterized by the presence of gelatinous (G-)
layer in the secondary wall of wood fiber (Onaka 1949;
Scurfield and Wardrop 1962; Evert 2006; Groover 2016).
Formation of G-layer, which has almost parallel microfibril
orientation to the longitudinal direction of wood fiber,
generates the greater tensile growth stress on the upper side
of leaning stem or branches (Araki et al. 1983; Okuyama et
al. 1994; Yoshida et al. 2000; Yamamoto 2004; Aiso et al.
2016b; Hung et al. 2016).

In both gymnosperms and angiosperms, the degree
in development of reaction wood has been evaluated
by growth eccentricity, growth stress, anatomical
characteristics, and gene expression (Onaka 1949;
Yumoto et al. 1983; Okuyama et al. 1994; Yamamoto and
Okuyama 1994; Yoshida et al. 2000; Donaldson et al.
2004; Yamashita et al. 2009; Hiraiwa et al. 2007, 2013,
2014; Hung et al. 2016). The degree of development in
compression wood is classified into “mild” to “severe”
according to microscopic features, such as lignification
of Sz layer, circularity, intercellular space, and helical
cavity in the secondary wall of tracheid (Yumoto et al.
1983). Recently, degree of expression in certain genes
related to compression wood formation was also altered
with increase in stem inclination angle of Chamaecyparis
obtusa (Yamashita et al. 2009). Thus, many researchers
have been concluded on the relationship between different
stem inclination angle and degree in development of
compression wood. On the other hand, in the development
of tension wood, it has been pointed out that longitudinal
tensile growth stress is related to increase in the transverse
sectional area of the G-layer: the larger the growth stress,
the greater the degree of tension wood development
(Okuyama et al. 1994; Yamamoto and Okuyama 1994;
Yoshida et al. 2000; Hung et al. 2016). The relationship
between growth stress and degree of tension wood
development was also clarified in some angiosperms which
do not form G-layer in reaction wood on the upper side of
inclined stems or branches (Yoshida et al. 2000; Hiraiwa

et al. 2014). However, available information is still limited
about effects of the difference in stem inclination angle
or stimulus on the changes in anatomical and chemical
characteristics of tension wood (Yoshida et al. 2000;
Hiraiwa et al. 2007, 2013, 2014).

Cercidiphyllum japonicum Sieb. et Zucc. (katsura in
Japanese) is known as a temperate angiosperm (Itoh 1996).
C. japonicum forms ‘typical’ tension wood with G-layer in
wood fiber: the secondary wall is consisted of S1 + G-layer
and Si + S2 + G-layer (Onaka 1949; Saiki and Ono 1971;
Araki et al. 1983). Objective of this study is to clarify the
effects of the different inclination angle of stems on the
intensity of growth stress, and anatomical and chemical
characteristics in C. japonicum.

2. Materials and methods

Four 5-year-old katsura (Cercidiphyllum japonicum
Sieb. et Zucc.) trees were used in this study. Mean height
in these trees was approximately 2.0 m, and these trees
were planted and grown in a nursery of Utsunomiya
University, Japan (139° 55' E, 36° 33' N). In the beginning
of November 2008, one tree were fixed 0 degree from the
vertical as normal wood. Three trees were inclined and
fixed in each angle (30, 50, or 70 degree) from the vertical
by using poles, respectively.

After 17 months, surface-released strains were
measured on the surface of xylem on random positions
of normal wood and on the upper sides of all inclined
samples by using strain gauge method (Sasaki ez al. 1978).
After measuring the surface-released strain, all trees were
cut, and then 1-cm thick disks were prepared from the
position nearby that for measuring surface-released strain.
The disks were subsequently treated with 0.8 M sucrose
aqueous solution for plasmolysis, and then fixed in 3%
glutaraldehyde in phosphate buffer (pH 7.0). All the disks
were stored in 50% ethanol aqueous solution.

To determine eccentricity, some disks were polished
on their transverse sections by using sandpaper. The
transverse sectional images of the disks were taken by
using a digital camera, and then length of radius on the
upper and the lower sides of the disk was measured by
Image] software (National Institute of Health). In the
present study, length of radius was defined as the distance
from the initial position in the previous annual ring to
cambium. Eccentricity was calculated by dividing length
of radius on the upper side by that on the lower side. In
the case of normal wood, eccentricity was calculated by
using length of radius at random positions and that on its
opposite side. In this study, all the following experiments
were carried out on the upper sides of inclined samples and
at random positions of normal wood.

Small wood blocks (10 (L) x 10 (R) x 5 (T) mm)
including previous and current annual rings were prepared
from the disks of each sample. Transverse sections (15 pm
in thickness) were prepared by using a sliding microtome
(ROM-380, Yamatokohki) from these small blocks.
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The presence of G-layer was detected by microscopic
observation of the transverse section after zinc chloride-
iodine color reaction. Transverse sectional images were
also taken with a digital camera (E-330, Olympus)
equipped to a light microscope (BX51, Olympus). The
images were trimmed into square image (35 X 35 pm)
including only wood fibers by using Adobe Photoshop7.0
software (Adobe). Area percentage of G-layer was defined
as the value obtained by dividing total area of G-layer
in the image by the area of square images (1225 pum’).
In addition, non-stained and safranin-stained sections
were prepared, and diameter and frequency of vessel
were measured by the methods described in our previous
reports (Aiso et al. 2016a, b).

Small wood sticks were also collected from the disks
and macerated with Schulze’s solution. Length of 80 wood
fibers and 30 vessel elements was measured according to
the method described by Aiso et al. (2013).

The radial blocks in 1-mm thickness were collected to
measure pit aperture angle of wood fiber using a scanning
electron microscope (SEM, JCM-5000, JEOL). Pit aperture
angle of wood fiber is regarded as microfibril angle of S:
layer in wood fiber, because the value of pit aperture angle
of wood fiber is almost the same value as microfibril angle
(MFA) of its Sz layer (Donaldson 1991).

Maule and phloroglucinol-HCI color reactions were
applied to observe the lignin distribution according to the
methods described in previous report (Yoshizawa et al.
1999).

To determine chemical composition, wood meal (42 to
80 mesh) was prepared from small wood blocks obtained
for each sample using a Wiley mill. Lignin content was
determined by acetyl bromide method according to liyama

and Wallis (1988). Monosaccharide (glucose, xylose,
arabinose, and galactose) contents were quantified by the
method described in previous report (Hiraiwa et al. 2013).

3. Results

Higher values of surface-released strains were
obtained in the all inclined samples compared to the normal
wood (Table 1). Of three different inclination angles, the
stems inclined at 50 and 70 degrees showed larger negative
values (ca. -1,200 pe).

The tension wood samples exhibited a radial growth
promotion on the upper side (Table 1). The stems inclined
at 70 degrees showed the greatest eccentric growth ratio
(5.3) among three inclination angles of stem.

G-layer was formed in all tension wood samples
(Figure 1). Among these samples, tension wood samples
at inclination angles of 50 and 70 degrees gave the larger
area of G-layer (69.9% and 67.7%, respectively) compared
to that at 30 degrees (62.8%) (Table 1). These wood fibers
with G-layer lacked Ss layer, whereas S3 layer was present
in the wood fiber of normal wood (Figure 2).

As shown in Table 2, significant decrease in number
and diameter of vessels, and pit aperture angle of wood
fiber were observed on the all tension wood samples
compared with those in normal wood, except for vessel
diameter in tension wood samples at 30 degree of
inclination angle. The length of wood fiber significantly
increased in almost all tension wood samples compared
to that in normal wood, whereas significant difference in
vessel element length was found only in the tension wood
samples at 50 degree of inclination angle (Table 2). Values
of wood fiber increment in all tension wood samples
showed larger values compared to that in normal wood

Table 1. Surface-released strain, length of radius, and area percentage of G-layer in the normal and

tension woods of C. japonicum.

Surface-released

Length of radius (mm)

Area percentage

1A (degree) . -
strain (l€) Us LS Ratio (US/LS) of G-layer (%)
0 (NW) -145 2.0 1.5 1.3 -
30 -745 5.1 1.8 2.8 62.8
50 -1204 5.0 1.5 33 69.9
70 -1211 42 08 5.3 67.7

IA, inclination angle; NW, normal wood; US, upper side; LS, lower side; ‘-’ indicates no G-layer

formation in area percentage of G-layer.

Table 2. Vessel morphology and cell length on the normal and tension woods of C. japonicum.

IA Vessel Vessel Cell length (mm) Pit aperture
frequency diameter Vessel . angle of wood
(degree) 5 Wood fiber Wood fiber increment
(No./mm”) (um) element fiber (degree)
0 (NW) 256 + 40 36.8+103 1.06+020 0.87+0.14 0.19 30.0+3.0
30 137 £33" 38.5+£11.7% 1.17+0.17" 0.93+0.17™ 0.24 20+1.2"
50 135+ 18" 31.1+8.5™ 1.08+0.16™ 0.78+0.11" 0.30 23+1.0"
70 175 +40" 30.6+£9.0" 1.13+021" 0.83+0.13™ 0.30 24+13"

IA, inclination angle; NW, normal wood; *, significance at 5% level by student’s t-test;

**_gignificance at 1% level by student’s t-test; ™, no significance.
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Figure 3. Photomicrographs of transverse sections of C. japonicum after Maule and phloroglucinol-HCI color reactions.

Table 3. Chemical composition on the normal and tension woods of C. japonicum.

Lignin (%) Glucose (%) Xylose (%) Arabinose (%) Galactose (%)

(degree)

0 (NW) 24.9 64.9 339 0.4 0.8
30 20.9 78.3 17.5 0.8 34
50 20.3 83.6 11.3 1.3 3.7
70 20.5 81.8 13.0 1.3 3.9

IA, inclination angle; NW, normal wood.
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(Table 2).

After Méule reaction in normal wood, the compound
middle lamellae of cell corner and the secondary wall of
vessel showed orange brown, whereas the secondary wall
of wood fiber showed pink (Figure 3). The compound
middle lamellae of cell corner and vessel wall in normal
wood were stained strongly in violet red color after
phloroglucinol-HCI reaction compared to the secondary
wall of wood fiber (Figure 3). These colorations in
compound middle lamellae of cell corner and vessel wall
in normal wood were similar to those in tension wood
samples, although the G-layer of tension wood fiber was
not stained by both reagents (Figure 3).

Table 3 shows chemical composition on the normal
and tension woods of C. japonicum. Compared to normal
wood, tension wood samples contained lower lignin and
xylose contents, whereas higher glucose, arabinose, and
galactose contents.

4. Discussion

It has been reported that C. japonicum forms ‘typical’
tension wood (Onaka 1949; Saiki and Ono 1971; Araki
et al. 1983). Eccentric growth, decrease in diameter and
frequency of vessels, and changes in wood fiber wall
structure to Si+G and Si+S2+G were observed in tension
wood of this species (Onaka 1949; Saiki and Ono 1971,
Araki et al. 1983). Similar characteristics were also
observed in the present study.

In chemical composition, Timell (1969) reported
that tension wood in several angiosperms with G-layer
(Acer pensylvanicum, A. rubrum, A. saccharum, Betula
alleghaniensis, B. papyrifera, Fagus grandifolia, Populus
tremuloides, Prunus pensylvanica, Robinia pseudoacacia,
and Ulmus americana) showed lower lignin and xylose
contents, slightly higher arabinose and galactose
contents, and higher glucose content accompanied with
the increase of cellulose content. Changes in lignin and
monosaccharides contents due to tension wood formation
in C. japonicum in the present study were also similar to
those obtained by Timell (1969).

Many researchers have been trying to clarify the
effect of the difference in inclination stimulus for stem on
reaction wood development in angiosperms (Yamamoto
and Okuyama 1994; Yoshida et al. 2000; Hiraiwa et al.
2007, 2013, 2014; Hung et al. 2016). Most of these studies
clarified the relationship between magnitude of tensile
growth stress and degree of tension wood development
in angiosperms. On the other hand, Yoshida et al. (2000)
focused on the effect of inclination angle of stem on the
development of reaction woods in Prunus spachiana
f. ascendens and Liriodendron tulipifera. They fixed
the stems of the seedlings at 0, 10, 20, 30, 40, 50, and
60 degree from the vertical. As the results, they found
that surface-released strain and MFA proportionally
decreased up to 20 degree, and the stems showed almost
constant values for these characteristics from 20 to 60
degree. It is considered that degree of alteration in some

anatomical characteristics due to reaction wood formation
in angiosperms might correspond to the magnitude of
inclination stimulus. Recently, the relationship between
difference of stem inclination angle and degree of alteration
in chemical composition by reaction wood formation
was demonstrated in some angiosperms (Yoshida ez al.
2000; Hiraiwa et al. 2007, 2013, 2014). For example,
reaction wood of L. tulipifera showed gradual decrease
in xylose and lignin contents with increase of inclination
angle (Hiraiwa et al. 2013). In the present study, almost
all anatomical and chemical characteristics were gradually
altered with increase in stem inclination angle (Tables 1
to 3). However, vessel frequency, MFA, and lignin and
galactose contents changed, and showed almost the same
values at all inclination angles (Tables 2 and 3), suggesting
that these characteristics are dramatically altered even by
smaller inclination stimulus. Decrease in vessel frequency
might be related to the increase in the percentage of
wood fiber in secondary xylem. In addition, decreases in
MFA and lignin content by tension wood formation are
contributed to increase in longitudinal Young’s modulus of
stem (Okuyama et al. 1994; Yamamoto 2004). On the other
hand, it has been pointed out that (1,4)-5-galactan might
function for cross-linking between G-layer and secondary
cell wall adjacent to G-layer (Arend 2008). Thus, increase
in galactose content might be related to increase in cross
linking between those two layers in wood fiber. Therefore,
it is considered that rapid alteration in these three
characteristics might be important factors for restoring
inclined stems in C. japonicum.

5. Conclusion

Surface-released strain, and anatomical and chemical
characteristics were investigated for artificially inclined
stems of Cercidiphyllum japonicum trees to clarify the
effects of inclination stimulus on severity of tension
wood. Anatomical and chemical characteristics of inclined
stems showed typical tension wood characteristics: larger
tensile surface-released strain, eccentric growth on the
upper side, decrease in diameter and frequency of vessel,
formation of G-layer, lacking the S3 layer, lower lignin
and xylose contents, and higher glucose, arabinose, and
galactose contents. Almost all anatomical and chemical
characteristics were gradually altered with increase in
inclination stimulus. However, vessel frequency, MFA,
and lignin and galactose contents altered at all stem
inclination angle, and showed almost constant values even
at larger inclination angles. It is considered that these four
characteristics might be important for restoring inclined
stems in C. japonicum.
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