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Abstract Five specimens that contained a continuous
gradient of wood, from normal to tension wood regions,
were collected from an inclined yellow poplar (Lirioden-
dron tulipifera), and the released strain of tensile growth
stress was quantified. Ultraviolet (UV) microspectro-
photometry was used to examine the relationship be-
tween lignin distribution in the cell wall and the intensity
of tensile growth stress. The UV absorption of the
secondary wall and the cell corner middle lamella de-
creased with increasing tensile released strain (i.e., ten-
sile growth stress). The UV absorption in the compound
middle lamella region remained virtually constant, irre-
spective of the tensile released strain. The absorption
maximum (A.,,) remained virtually constant in the
secondary wall, the cell corner middle lamella, and the
compound middle lamella region at 273-274, 277-278,
and 275-278 nm respectively, irrespective of the tensile
released strain. The ratios of the UV absorbance at 280
to 260 nm and 280 to 273 nm of the secondary wall de-
creased with increasing tensile released strain. The ratios
in the cell corner and compound middle lamella region
remained constant, irrespective of the tensile released
strain. The lignin content of the secondary wall de-
creased, while the syringyl/guaiacy! ratio increased with
increasing tensile released strain. Gelatinous fibers were
not observed in the tension wood regions, but the sec-
ondary wall became gelatinous-layer-like, i.e., the lignin
content and microfibrillar angle decreased and the cellu-
lose content increased. A definite gelatinous layer seems
to be important for generating greater tensile growth
stress. It is concluded that a decrease in lignin and an
increase in cellulose microfibrils parallel to the fiber
axis in the secondary wall are necessary to produce large
tensile growth stress.
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Introduction

Tension wood is the reaction wood that typically forms
in the upper sides of branches and leaning trunks of
dicotyledonous trees. It is characterized anatomically
by a lack of cell wall lignification, and often by the
presence of an internal gelatinous (G-) layer in the fibers
(IAWA 1964; Wardrop 1965; Ford-Robertson 1971;
Fisher 1985). Based on the patterns of occurrence of the
gelatinous layer, tension wood fibers have been classi-
fied into the following: S+S,+S;+G, S+S,+G, and
S,+G (Dadswell and Wardrop 1955). The main feature
of the gelatinous layer is that it is composed entirely or
amost entirely of cellulose, with microfibrils oriented
paralel or nearly parallel to the longitudinal axis, with
a high degree of crystallinity (C6té and Day 1965;
Norberg and Meier 1966). Some angiosperm species
lack gelatinous fibers in tension wood (Onaka 1949;
Okuyama et al. 1990, 1994; Yoshizawa et al. 2000). In
some Magnolia species that do not form a gelatinous
layer, the microfibrillar angle (MFA) in the innermost
layer of fiber walls is small and the amount of lignin
decreases in the tension wood region (Yoshizawa et al.
2000). Members of the genus Magnolia are considered
primitive angiosperms that lack gelatinous fibers in
tension wood.

In tension wood, longitudinal tensile growth stress
increases in order to restore the trunk to its original verti-
cal position (Nicholson 1973; Bailléres et al. 1995;
Mattheck and Kubler 1995; Wilson and Gartner 1996;
Yoshida et al. 1999). Bamber (1987) attributed the origin
of tensile growth stress to the tensile force induced in
cellulose microfibril bundles. Experimental results and
model analyses support his idea. Increasing tensile
growth stress is correlated with decreasing MFA and
Klason lignin content, and increasing alpha-cellulose
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content and cellulose crystalinity (Okuyama et al.
1990). These correlations clarified the contribution of
cellulose microfibrils to tensile growth stress generation
(Yamamoto et al. 1992), and subsequent numerical ana-
lyses showed that greater tensile growth stress is gener-
ated in the gelatinous layer (Yamamoto et al. 1993a).

Large longitudinal tensile growth stresses can even be
generated in the tension wood of trees that do not pro-
duce gelatinous fibers (Okuyama et al. 1990; Yoshida
et a. 2000a). In these tree species, tensile growth stress
increases with increasing alpha-cellulose content and
cellulose crystallinity, and decreasing MFA and Klason
lignin content, similar to that found in gelatinous fibers
(Sugiyama et al. 1993; Okuyama et al. 1994; Yamamoto
1998).

Cellular ultraviolet (UV) microspectrophotometry has
shown that compressive growth stress is associated with
a higher lignin content in the secondary wall in compres-
sion wood of Cryptomeria japonica (Okuyama et al.
1998). In the tension wood of Robinia pseudoacacia, the
gelatinous layer begins to differentiate and its lignin con-
tent begins to decrease with increasing tensile growth
stress (Yoshida et al. 2002). In the tension wood of tree
species that do not form gelatinous fibers, the lignin con-
tent of the secondary wall probably decreases with in-
creasing tensile growth stress. The gelatinous layer may
be specialized for generating larger tensile growth stress.

To test this hypothesis and to examine any relation-
ship to tensile growth stress, this study used UV micro-
spectrophotometry to investigate lignin distribution in
the cell wall in tension wood of Liriodendron tulipifera,
which does not form gelatinous fibers.

Materials and methods

Three inclined 51-year-old yellow poplar trees (Liriodendron
tulipifera Linn.), on average 14 m tall and 30 cm in diameter at
breast height, growing in West Virginia, were studied. This species
lacks gelatinous fibers on the upper side of inclined stems (Onaka
1949; Sugiyamaet a. 1993).

Measuring growth stress and wood properties

Eight to 14 measuring points were established around the circum-
ference of the trunk, where the trunk was bent severely. Measure-
ments were made in each tree on two circumferences, so in total 6
circumferences and 67 points were measured. A strain-gauge
method was used on the standing tree (Yoshida and Okuyama
2002). The bark, phloem, and thin cambial zone at each measuring
point were carefully removed with a knife without scratching the
outer surface of the secondary xylem. At each point, two 8-mm-
long strain gauges were glued to the outer surface of the secondary
xylem, one longitudinally and one tangentially, and connected to a
strain meter. After initial measurements had been made in the
standing position, grooves were cut with a thin saw to the depth of
the current growth layer (about 1 cm), 5 mm from each end of the
strain gauge, to release the growth stress. The larger the tensile
strain released, the higher the tensile growth stress (Archer 1986)
and the greater the intensity of tension wood formation.

After measuring the released strain, block specimens were ob-
tained of the wood directly above each measuring point to deter-
mine elastic modulus, density, MFA, and cellulose crystallinity.

The elastic modulus was determined by a tensile test using small
(10x20x1-mm) test specimens of green wood. The elastic moduli
in the longitudinal and tangential directions and Poisson’s ratios
were measured to convert the released strains to growth stresses.
Longitudinal and tangential growth stresses (o, o) were calcu-
lated as follows (Sasaki et al. 1978):
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where E, and E; are the elastic moduli in the longitudinal and
tangential directions, respectively, ¢, and e; are the released
strains in the longitudinal and tangential directions, and v, and
v, are Poisson’sratio.

The density of air-dried specimens was measured using a
gravimetric mercury method. MFA was determined by an im-
proved version of Cave's method (Yamamoto et al. 1993b). The
cellulose crystallinity was measured by X-ray diffraction. Other
wood block specimens were obtained from directly below each
measuring position to determine chemical components; Klason-
lignin and alpha-cellulose content were determined using methods
in general use (Dence 1992; Sugiyama et al. 1993). The radius
vector defined as the distance from the pith to the xylem surface
was measured at every point at which the released strain was mea-
sured.

UV microspectrophotometry

Five specimens, with growth stress ranging from normal wood to
tension wood, were selected for UV spectral analysis. Small
blocks of xylem tissue containing the current growth layer were
obtained from the measuring points and fixed with 3% glutaralde-
hyde. Vertical sections with a thickness of 200 pm were sliced
from the blocks using a sliding microtome. After dehydration
through a graded ethanol series, the sections were piled together
and embedded in epoxy resin. Cross sections with a thickness of
1 um were cut with a diamond knife, mounted on quartz micro-
scope slides, immersed under a drop of non-UV-absorbing glycer-
in, and covered with a quartz cover slip. The thickness of each
thin section was measured with an accuracy of 0.01 pm with a uni-
versal surface shape profiler (Kosaka, SE-3E), to select sections
with uniform thickness and to correct the UV absorption spectra
(Okuyama et al. 1998). The thin sections were observed at wave-
lengths of 270-280 nm under a microspectrophotometer (Zeiss
MPM800). The UV absorption spectra of the cell corner middle
lamella, compound middle lamella, and secondary wall were ob-
tained for wavelengths of 250-300 nm using the smallest measur-
ing spot available with the microspectrophotometer (0.5 pm diam-
eter). Since the spot diameter was larger than the width of the mid-
dle lamella, measurements of the latter were affected by the sec-
ondary wall. To reduce this error, the spot measured was centered
on the middle lamella and any peculiar spectra were omitted. This
region was named the “compound middle lamella region”. Mea-
surements were taken from at least 15 different positions and aver-
aged to determine the UV absorption spectra. The microspectro-
photometer settings were: objective lens magnification: x100;
program: Lambdascan; bandwidth: 1 nm; scan step: 1 nm; and
number of scans: 45. For more detailed information see Scott and
Goring (1970), Okuyama et al. (1998), and Gindl and Okuyama
(1999).

Results
Released strain of growth stress and wood properties

The strain gauge method used in this study reveals ten-
sile growth stress as a negative released-strain (tensile
released strain) value. Eccentric growth was found in all
six disks measured on the upper side of the leaning
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Table1 Growth stress and other selected properties of the specimens used for the microspectrophotometry. (MFA microfibrillar angle)

Specimen Released Young's Density Growth Cellulose Cellulose Lignin MFA Radius
label strain modulus inair-dried stressin content crystallinity content (degrees)  vector
(%) (GPa) condition L-direction (%) (%) (%) (cm)
(g/cm3) (MPa)
a 0.0082 7.56 0.344 -0.56 40.65 41.94 12.65 16.25 11.0
b -0.0409 10.72 0.454 453 45.04 38.88 14.37 8.24 13.0
c -0.0757 10.48 0.344 7.94 47.94 41.94 12.90 7.36 9.8
d -0.1201 16.01 0.447 19.33 50.35 43.51 10.21 7.92 13.2
e -0.1499 10.21 0.403 15.39 48.64 43.46 11.09 8.13 18.0
25 55 H ’ H
- = tudinal Young's modulus (in al cases P<0.001). There
o . oo Y | sz was no significant correlation between the released strain
S5 e, PR £ and density (P=0.34). Five specimens, ranging from nor-
g " st - 453 mal wood to tension wood, were selected for UV spec-
R o3 ) tral analysis and observation. The released strains and
e v O - e | 08 properties of the specimens selected for microspectro-
S I N - photometry are tabulated in Table 1.
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Sa0| .o i W A 25 across the cell walls of fibers at a wavelength of 278 nm.
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R Y P<0.001).
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Fig. 1 Released strain of growth stress and wood properties. Neg-
ative released strain indicates the tensile released strain measured
when releasing tensile growth stress

trunk, where the largest tensile released strains were
measured. The smallest tensile released strains were
measured on the opposite, lower side. Figure 1 shows the
relationships between the released strain and various
properties for al 67 measuring points. The tensile
released strain increased with decreasing MFA and
Klason-lignin content, and increasing alpha-cellulose
content, cellulose crystallinity, radius vector, and longi-

UV absorption spectra

The average UV absorption spectra for the cell corner
middle lamella, compound middle lamella region, and
secondary wall are shown in Fig. 3. In the cell corner
middle lamella, the UV absorption decreased with in-
creasing tensile released strain (r=0.34, P=0.001), and
the absorption maximum (A,,,,,) was 277-278 nm. In the
compound middlie lamellaregion, A, was 275-278 nm,
and the UV absorption remained constant, irrespective of
the tensile released strain (r=—0.18, P=0.095). In the sec-
ondary wall of normal wood (Fig. 3a), or wood with a
small tensile released strain value (Fig. 3b, €), Ay, Was
273-274 nm. In the secondary wall of tension wood with
alarge tensile released strain value (Fig. 3d, €), A, Was
unclear. The UV absorption of the secondary wall de-
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Fig. 2 Ultraviolet (UV) photo-
micrographs of cross-sectional
and absorption profiles across
the cell walls of fibersat a
wavelength of 278 nmin
samples graded according to
the released strain (RS) of
growth stress, from normal
wood (@) to tension wood (€).
The dotted lines indicate the
positions of absorption profiles.
Bar=10 pm

Absarance

Absaorbancs

creased with increasing tensile released strain (r=0.37,
P=0.002).

Discussion

The released strain of growth stress is used to obtain a
continuous, quantitative classification of wood samples,
because there is a high correlation between the released
strain and the intensity of reaction wood (Yamamoto et a.
1991; Sugiyama et a. 1993; Okuyama et a. 1994; Muneri
et a. 1999). The released strain is therefore effective for
estimating the intensity of reaction wood, especialy
when the reaction wood is not characterized anatomically
(Bailléres et al. 1995, 1997; Plomion et al. 2000; Yoshida
et a. 2000b). The five specimens measured in this study
using microspectrophotometry ranged from normal wood
(Fig. 2a) to intense tension wood (Fig. 2¢€).

The tensile growth stress was found to increase with
decreasing MFA and Klason lignin content, as well as
with increasing alpha-cellulose content, cellulose cry-
stallinity, and radius vector (Fig. 1). These results are
similar to those obtained in tree species that form gelati-
nous fibers (Okuyama et al. 1990).
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Decreasing UV absorption reflects decreasing lignin
content (Fergus and Goring 1970a, 1970b; Nakashima et
al. 1997; Donaldson et al. 1999; Gindl et a. 2000; Kleist
and Bauch 2001; Sander and Koch 2001; Suzuki and
Itoh 2001). With increasing tensile released strain, the
UV absorption, and therefore the lignin content, of the
secondary wall decreased (Table 2).

Jutte (1956) found a lignified layer in the gelatinous
layer of Ocotea rubra and showed that an unlignified
cell wall might be the first phase of tension wood differ-
entiation. UV micrographs of some hardwood species
show that lignin often penetrates the gelatinous layer,
and that cells in transition regions between normal and
tension wood are more likely to have lignin deposited in
the gelatinous layer than are cells in the center of an area
of tension wood (Scurfield and Wardrop 1963). Araki et
al. (1982) also compared the cell wall structure of transi-
tion fibers in normal and tension wood in Robinia pseu-
doacacia L. and Populus euramericana Guinier, and
found that concentric rings stained with KMnO, did not
exist in definitive gelatinous layers, but were present in
transitional gelatinous layers. A comparison of a pro-
gression of fibers, from normal wood to those of the in-
definite gelatinous layer, in R. pseudoacacia, showed
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Specimen Released Absorbance Amax (NM)
label strain (%) Region of cell wall Region of cell wall

CCML CML SW CCML CML SwW
a 0.0082 0.88(0.17) 0.23(0.07) 0.13(0.03) 278 (1.1) 275 (1.6) 273 (1.9)
b -0.0409 0.86 (0.18) 0.34(0.07) 0.12 (0.02) 278 (1.7) 276 (2.0) 273(1.9)
c -0.0757 0.82 (0.11) 0.28 (0.11) 0.14 (0.06) 278 (1.3) 278 (2.8) 274(2.2)
d -0.1201 0.77 (0.13) 0.29 (0.10) 0.09 (0.03) 278 (1.1) 275 (2.7) -
e -0.1499 0.72 (0.20) 0.31(0.10) 0.06 (0.02) 277 (0.9) 276 (2.1) -

that the UV absorbance of the secondary wall decreased
as the tensile released strain increased (Yoshida et al.
2002). On the basis of the examples quoted above and
the results of this study, in the transition from normal
wood to tension wood of increasing intensity, the degree
of lignification of the secondary wall gradually decreases
(Fig. 2a—d), causing the unlignified layers to develop in-
to gelatinous layers. In the last phase of tension wood
differentiation, the lignin content seems to change
abruptly (Fig. 2d, €). The tensile growth stress measured
in Liriodendron tulipifera, which does not form gelati-
nous fibers, is smaller than that measured in R. pseudo-
acacia, which does form gelatinous fibers (Yoshida et al.
2002). Specidization of the cell wall into a gelatinous
layer seems to occur in order to generate greater tensile
growth stress.

The absence of gelatinous fibersin L. tulipifera seems
to be related to the decreasing lignin content in the cell
corner middle lamella with increasing tensile growth
stress. The UV absorption of the secondary wall and the
cell corner middle lamella decreased with increasing ten-
sile released strain. The UV absorption of the compound
middle lamella region remained virtually constant, irre-
spective of the tensile released strain (Table 2).

The decreased lignin content and MFA of the second-
ary wall, which are characteristics of gelatinous layers,
are needed, in order to generate a large tensile growth
stress. A lower lignin content in the cell corner middle
lamella, however, seems to be disadvantageous for the
generation of alarge tensile growth stress, for the follow-
ing reason. Tensile growth stress is produced as fibers
tend to shrink (Bamber 1987; Mattheck and Kubler 1995;
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Table 3 Ratio of Absorbance at wavelengths 280 nm to 260 nm
and to 273 nm in various regions of fiber cell walls in samples
graded according to the released strain of growth stress. (CCML

cell corner middle lamella, CML compound middle lamella
region, SW secondary wall. The standard deviation is given in
parentheses)

Specimen Released CCML CML SW
|abel strain (%)
280/260 280/273 280/260 280/273 280/260 280/273

a 0.0082 1.27 (0.08) 1.04 (0.03) 1.13 (0.24) 0.95 (0.06) 1.14 (0.18) 0.90 (0.07)
b —0.0409 1.20 (0.11) 1.03 (0.03) 1.26 (0.25) 0.99 (0.04) 1.07 (0.12) 0.93(0.09)
c —-0.0757 1.16 (0.31) 0.96 (0.23) 1.39(0.47) 1.05 (0.05) 1.28 (0.36) 0.93(0.13)
d -0.1201 1.26 (0.15) 1.01 (0.01) 1.14 (0.38) 0.96 (0.07) 0.65 (0.20) 0.78 (0.25)
e —0.1499 1.24(0.12) 1.02 (0.04) 1.12 (0.13) 1.00 (0.05) 0.92 (0.27) 0.86 (0.14)

Hejnowicz 1997). The lignin in the cell corner and com-
pound middle lamella cements fibers together strongly,
ensuring the transmission of large tensile growth stresses
through the wood. In the tension wood of R. pseudoaca-
cia, which forms gelatinous fibers, the amounts of lignin
in the cell corner and compound middie lamella do not
decrease (Yoshida et al. 2002), whereas in the tension
wood of L. tulipifera, which does not form gelatinous
fibers, the amount of lignin in the cell corner middle
lamella does decrease. Consequently, large tensile growth
stress does not seem to be efficiently transmitted through
the wood.

The UV absorption properties of hardwood ligninsin
the 280-nm region depend markedly on the ratio of
syringylpropane (S) to guaiacylpropane (G) units, but
they are not effective in quantifying hardwood lignin.
Accurate measurement of the S/G ratio by UV spectros-
copy is difficult, because the A, vaues of S and G
units are similar: 270 and 280 nm, respectively. More-
over, S and G lignins have different UV absorptivity.
However, changes in the S/G ratio can be estimated from
the UV absorption spectra. The S/G ratio increases as
Amax 1N the spectrum decreases from 280 nm (Fergus and
Goring 1970a; Yoshinaga et al. 1992). Decreases in the
ratios of the UV absorbance at 280 nm to that at 260 nm
(Asge/Asgo) and at 280 nm to 273 nm (Aygy/Ayy3) COIre-
spond to an increasing S/G ratio (Fergus and Goring
1970a; Musha and Goring 1975; Fujii et al. 1987).

In the secondary wall A, remained virtually con-
stant, the cell corner middle lamella, and the compound
middle lamellaregion, irrespective of the tensile released
strain (Table 2). Ajgy/Agzs and Augy/Aggp iN the cell corner
middle lamella and the compound middle lamella region
remained constant, irrespective of the tensile released
strain. In the secondary wall, Aygy/Ayg, decreased with
increasing tensile released strain (r=0.39, P<0.001) and
Aygo/Asz4 tended to decrease (r=0.22, P=0.063) (Table 3).
These results suggest that the S/G ratio in the secondary
wall increases with the tensile released strain. In Euca-
lyptus (Bailléeres et a. 1995) and R. pseudoacacia
(Yoshida et al. 2002), the lignin in the secondary wall
becomes S lignin-rich with increasing intensity of ten-
sion wood. Yoshizawa et al. (2000) showed that G lignin
decreased in the cell wall of tension wood fibers in
Magnolia obovata and M. kobus. The results of this
study on L. tulipifera are consistent with these reports.

In some poplar species, there are no peaks in the UV
absorption spectra of the fiber walls because the absor-
bance characteristics of the p-hydroxy benzoic acid
groups distort the syringyl and guaiacyl spectra. If some
p-hydroxy benzoic acid residues are associated with
syringyl residues, the peak shifts to a lower wavelength
or disappears atogether (Musha and Goring 1975).
However, since the UV absorption spectra of L. tulipif-
era have a peak (Fig. 3), they are not affected by the
p-hydroxy benzoic acid residues. Microautoradiograms
of differentiating xylem tissues indicate that three kinds
of monolignol units are incorporated into different stages
of cell wall formation, in the order: p-hydroxyphenyl,
guaiacyl, and syringyl units (Terashima and Fukushima
1989). p-Hydroxypheny! units are incorporated only in
the earliest stage, mainly into the cell corner and middle
lamella, and are not found in the secondary wall lignin in
angiosperm fibers (Terashima et al. 1993; Terashima
2000). Therefore, the p-hydroxyphenyl units did not
affect the change of the UV spectra of the secondary
wall in this study.

The transverse diameters of tension wood fibers
are 20% smaller than those of normal wood fibers in
M. obovata, Paulownia tomentosa, and Firmiana pla-
tanifolia, which do not form gelatinous fibers (Li and
Fujita 1997). The tension wood fibers in L. tulipifera
were also smaller.

Conclusions

Lignin distribution in the cell wall and its relation to ten-
sile growth stress were investigated in L. tulipifera,
which does not form gelatinous fibers in tension wood
regions. The lignin content and MFA in the secondary
wall decreased and the al pha-cellulose content increased
with increasing tensile released strain. A definite gelati-
nous layer seems to differentiate in order to generate
greater tensile growth stress. A series of investigations of
growth stress generation with UV microspectrophotome-
try (Okuyama et al. 1998; Yoshida et al. 2002), including
this study, lead to the following conclusion. Growth
stress is generated mainly at the secondary wall of wood
fibers. Increasing cellulose content and decreasing lignin
content and MFA in the secondary wall increase tensile
growth stress, while decreasing cellulose and increasing



lignin and MFA increase compressive growth stress. The
wide variation in growth stress, from the large tensile
growth stresses induced in tension wood through normal
growth stress induced in normal wood to the large com-
pressive growth stresses induced in compression wood,
results from differences in the lignin and cellulose con-
tents, and the MFA of the secondary wall. When growth
stress functions to return the axis of aleaning tree to the
perpendicular, the change from normal wood to reaction
wood is continuous.
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