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Mechanical Behavior of Cellulose Microfibrils in Tension Wood,
in Relation with Maturation Stress Generation
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ABSTRACT A change in cellulose lattice spacing can be detected during the release of wood maturation stress by synchro-
tron x-ray diffraction experiment. The lattice strain was found to be the same order of magnitude as the macroscopic strain. The
fiber repeat distance, 1.033 nm evaluated for tension wood after the release of maturation stress was equal to the conventional
wood values, whereas the value before stress release was larger, corresponding to a fiber repeat of 1.035 nm, nearly equal to
that of cotton and ramie. Interestingly, the fiber repeat varied from 1.033 nm for wood to 1.040 nm for algal cellulose, with an
increasing order of lateral size of cellulose microfibrils so far reported. These lines of experiments demonstrate that, before the
stress release, the cellulose was in a state of tension, which is, to our knowledge, the first experimental evidence supporting the

assumption that tension is induced in cellulose microfibrils.

INTRODUCTION

Wood in living trees undergoes large mechanical stresses,
called growth stresses. Growth stresses result from the super-
position of two kinds of stress (1): support stress, that is, an
elastic response to the increasing load of wood and shoots
supported by the tree, and maturation stress, which appears
spontaneously inside wood during its formation. Maturation
stress allows the tree to adapt to various mechanical con-
straints (1-3). Tensile longitudinal stress in the periphery of
the trunk optimizes the resistance of wood against bending
forces such as wind. Heterogeneous distribution of this stress
around the tree circumference generates a bending moment,
which allows the change in orientation of the tree trunk and
branches, necessary for the tree to stay upright and maintain
its branches at an optimal angle.

The circumferential heterogeneity of maturation stress is
achieved through the production of a special kind of wood on
one side, called reaction wood. In hardwood, this wood is
formed on the upper side of the leaning stem and associated
to a large longitudinal tensile stress, and thus called tension
wood (4). In many hardwood species (2,5,6), tension wood is
associated to the formation of a peculiar layer of the fiber
wall, the gelatinous layer (7-10) where the cellulose micro-
fibrils are aligned nearly parallel to the fiber axis (11-13).

At the tree level, the apparition of a tensile stress in the
newly formed wood layers is related to the conjunction of
two facts: during its formation, the wood have a spontaneous
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tendency to shrink longitudinally; but this tendency is im-
peded because the new wood is strongly glued to the internal
older wood, so that a tensile longitudinal stress results. The
magnitude of the maturation stress can be estimated at the
surface of living trees, by mechanically dissociating a por-
tion of wood from the rest of the tree, and recording the
generated strain (14,15). The order of magnitude of the mea-
sured longitudinal strains is ~—300 microstrains (wm/m) in
normal wood and can be up to —3000 microstrains in tension
wood.

At a microscopic level, the mechanism responsible for the
tendency of wood fibers to shrink (i.e., the mechanism of
maturation stress generation) is still a matter of discussion. It
has been proposed that it could be due to the swelling of the
wood matrix substance during lignification (16), the angle of
cellulose microfibrils controlling the anisotropy of the re-
sulting stress. However, this mechanism is unable to explain
the large tensile stress found in tension wood, and especially
in G-layer tension wood. As an alternative assumption,
the hypothesis of a shrinkage of cellulose microfibrils was
proposed (17,18). Results obtained using micromechanical
models showed that, to account for the observed relation
between microfibril angle and released maturation strains, a
combination of both assumption was necessary (19-21). How-
ever, the proposed mechanisms remained hypothetical, and
no evidence has been yet provided of such behavior at the
macromolecular level. In particular, how a tensile stress could
be induced inside the cellulose crystal is still rather enigmatic.

The crystalline cellulose is an aggregate of cellulose mole-
cules and exists in a form of crystalline microfibril. The
molecules are synthesized unidirectionally in a way that the
reducing end points away from the loci of the synthesis (22),
so-called cellulose synthesizing terminal complex in the
plasma membrane. These nascent parallel cellulose chains are
known to be crystallized into cellulose I and I3 depending
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on the plant sources (23,24). Despite the allomorphism of
crystals, the length of the fiber repeat estimated from the
meridional reflection in x-ray or electron diffraction spot
(004) for monoclinic indexing and (114) for triclinic indexing
(24) has been thought to be common in all native cellulose.
The fiber repeat (c axis distance) is a measure of two
successive 1,4-linked B-glucose residues and calculated from
the 4 times of 004 d-spacing. If sufficient precision is
achieved, the change in fiber repeat during the tensile test can
be measured and thus crystal strain can be obtained (25). The
relative change in lattice spacing is referred to as lattice strain,
and is a measure of the strain at the ultra-structural level,
inside the cellulose crystal. It can be compared to the mac-
roscopic strain, measured at the surface of wood (26-29).
The study presented here focuses on the behavior of
cellulose microfibrils in relation to maturation stress. Poplar
tension wood was chosen for study partly because its highly
oriented microfibrils are suitable for x-ray pattern quality (5)
and the crystalline features are well investigated (13,30-33),
and partly because the presumed large magnitude of the
tensile maturation stress allows strains easier to observe. The
primary purpose of this study is to show measurements of
lattice spacing before and after the release of maturation
stress and compare the lattice strain to the related surface
strain. Lattice spacing measurements were performed using
a synchrotron facility. Similar observations were also per-
formed for the strains associated to the drying of poplar
wood, using a standard laboratory x-ray apparatus. This aims
at comparing the shrinking process occurring during matu-
ration stress release to that occurring during drying. The
absolute value of lattice spacing in these various conditions
is compared to values of lattice spacing obtained from stan-
dard cellulose samples such as ramie, cotton, and algae, to
discuss the mechanical state of cellulose in tension wood and
its possible implication in the generation of maturation stress.

MATERIALS AND METHODS
Plant material and sample preparation

Experiments were performed on poplar wood (Populus euramericana). A
lateral branch, ~10 cm in diameter, was chosen for synchrotron experi-
ments. Before taking off the branch, a strain gauge was glued on the wood
surface on its upper side, to control continuously the possible release of
maturation stress due to manipulation and sample preparation. The branch
was then sawn, and two 40-cm long logs were taken for the synchrotron
experiment. During this time, the branch was prevented from dehydration,
by wrapping it into a polyethylene film and humidifying it with wet towels.

For laboratory experiments on wood samples, small samples were col-
lected on the upper side of a tilted trunk, after measuring the released mat-
uration strains. High tensile stress was detected and anatomical observations
confirmed the presence of gelatinous fibers. The wood was kept wet during
transportation and sample preparation. Specimens were machined 1 X 5 X
30 mm respectively along the radial, tangential and longitudinal directions.

Specimens of alga (Cladophora sp.) were collected in the sea at Chikura
(Japan). The stem internodal cell, being both ends cut-opened (1-2 cm long)
was collected and treated by boiling in 0.1 N NaOH for 3 h, followed by
overnight immersion in 0.05 N HCI at room temperature. The treatment was
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repeated twice until the cell wall became transparent. Cellulose from ramie
(Boehmeria sp.) was collected in campus of Uji (Kyoto University, Japan),
and purified by bleaching in 0.3% NaClO, at 70°C (pH 4.9), followed by
overnight immersion in 5% KOH and washing in distilled water. It was
repeated until the fiber became perfectly white. Cellulose from cotton
(dewaxed laboratory cotton) was used without further treatment.

Synchrotron x-ray experiments

The branch logs were prepared for the synchrotron experiment. Wood was
removed on a depth of 5 mm besides the strains gauge, to leave a 1-mm thin,
5-mm high, 50-mm long radial-longitudinal plate (Fig. 1). Gold foil was
used as calibration reference. The Cladophora cell was also lapped with a
gold foil and mounted with its longer axis horizontal as one of the two major
microfibril orientation is roughly parallel to the long axis.

The synchrotron x-ray experiment was performed at the high flux beam
line BLAOXL beam line, SPring8, Harima, Japan, with the approval of the
Japan Synchrotron Radiation Research Institute (JASRI, proposal No.
2003B0463-NL2a-np, 2004A0036-NL2a-np). The experiment was repeated
twice but the experimental setup was slightly different. In the former beam
time, the sample-to-camera distance was set around 320 mm so that the
direct beam and the target (004) reflection from cellulose were recorded in
the same frame. In the latter beam time, to gain maximum spatial resolution,
the CCD camera was positioned in 1680 mm distance from the sample with
an angle of 29.115° to the incident beam to record both (004) reflection from
cellulose and (111) from gold foil for calibration as shown in Fig. 2. The
vacuum path was placed between the sample and the camera to reduce the
background due to the air scattering. The energy was 10 keV (wavelength =
0.124 nm) and typical exposure time was 0.5 s. The final resolution on the
CCD camera was 0.0001° at 2.7 pixel.

The wood log was positioned so that x-ray impacted half a millimeter below
the wood surface where the strain gauge was pasted. After recording the x-ray
diffraction pattern in this configuration, the sample was sawn manually at both
sides of the strain gauge (Fig. 3) to release maturation stress. Macroscopic
released maturation strain was measured from the strain gauge and a new x-ray
diffraction pattern was then recorded in released configuration. The shape of
the peaks obtained from this experiment did not allow it to fit properly to either
a Gaussian or a parabolic shape, so that an alternative procedure was used to
evaluate the shift in lattice spacing before and after maturation stress release.
The location of the maximal value was recorded on the x-ray diffraction
obtained before stress release. Then, the change in lattice spacing was obtained
by anonparametric fit method, in which the second series of data is shifted until
the distance between the two data series is minimized.

Laboratory x-ray experiments

The specimens were mounted on a goniometer, and the 6-26 scan was
carried out in a referential transmission mode for values of 26 ranging
between 30° and 40°. Scanning was performed by a step-scan mode with a
0.01° step and 20 s exposure time. CuKa x-ray radiation was generated by
RIGAKU Ultral8HF operated at 30kV, 300mA. NaF and gold foil were
used as references. The d-spacing of the (004) crystal plane was evaluated
the following way: a window was chosen around the visually located
maximum intensity, and a parabolic function was fitted to the intensity

Au fail Strain gauge

X-ray

N e/Strain gauge

)(_EJ/. Branch log

FIGURE 1 Schematic diagrams of sample preparation for the synchrotron
x-ray experiment. Three-dimensional view (leff) and its cross-sectional view
(right).
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FIGURE 2 Experimental setup at BL40XU, SPring8,
Harima, Japan. The log was tightly fixed being tilted
~15° with respect to the incidence so that the (004)
planes satisfy Bragg condition. The vacuum path of
1.5 m was inserted to suppress the background due
to the air scattering.
Digital
camera

(0.235 nm)

profile in this window. The d-spacing value was taken as the maximum of
the fitted function. These measurements were performed on the wet (water
saturated) samples, and on the same sample after oven-drying.

RESULTS

Effect of sample preparation on
the macroscopic strain

The effect of the sample preparation on the stress release was
controlled. During sectioning the log, some strain occurs due
to a spring-back effect related to the suppression of the
weight of the end of the branch. This strain ranged between
—100 and —200 ustrain, which is <10% of the total released
strain. During sample preparation, wood was removed from
both lateral sides of the strain gauge (cf. Fig. 1). As the re-
moved wood was in a state of longitudinal tension, a redis-
tribution of stress occurs inside the log. As a consequence,
some additional tension appears in the left wood plate to
balance the stress preexisting in the opposite side of the log.

Change in lattice spacing during
maturation stress release

Typical diffraction patterns of P. euramericana before (in
situ) and after the release of the maturation stress are shown
in Fig. 4. The (004) meridional diffraction of cellulose cry-
stallites appears on the right side of the diagram (Fig. 4 a). As
mentioned earlier, the orientation of cellulose crystallites in

Il

Saw traces

FIGURE 3 Photo showing the sawing to release the maturation stress
(left) and a schematic of the saw traces after cutting (right). The sample has
been fixed, always moistened, and the position was carefully monitored by a
laser device until the second exposure was made.
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tension wood are quite good and it can be monitored from the
arcing of (004). In addition, the diagram indicates that the
cellulose microfibrils are almost parallel to the longitudinal
direction of a tree, and thus suited for our purpose. Two
diffraction diagrams in situ and after the stress release were
recorded and the position of (004) reflection was scrutinized.
As shown in Fig. 4 b, a shift of 1 or 2 pixel was reproducibly
observed in a contour map. However, the resolution of the
imaging condition was not optimized to allow correlation
between the lattice strain and the macroscopic strain.

To gain the maximum spatial resolution, the sample-
camera length was readjusted to cover only (004) of cellulose
and (111) of gold to calibrate. An example is presented in
Fig. 5 a, where the pattern corresponding to the encircled
area in Fig. 4 a is captured. More than 6 sets of two diagrams
in situ and after stress release was obtained and scrutinized.
All the diagrams were radially integrated to obtain diffrac-
tion profiles as in Fig. 5, b and c¢. The horizontal axis was
converted to the lattice spacing in nanometer, which is recip-
rocal to the scattering angles. Almost all the specimens have
the same trend that the shift occurs to yield shorter lattice
spacing. As represented in Fig. 5, b and ¢, the (004) diffrac-
tion peak shifted, whereas the Au diffraction ring remained
constant, showing that it is no experimental artifact. There-
fore without ambiguity the cellulose crystallites in tension
wood were found to contract during the release of the mat-
uration stress. Estimated values of lattice spacing for tension
wood samples before and after stress release are shown in
Table 1. The macroscopic strain, recorded by the strain
gauge, and the lattice strain, defined as the relative variation
in lattice spacing, are also shown in Table 1.

Another interesting feature is in comparison with other
algal cellulose (Cladophora sp). Lattice spacing of algal cel-
lulose was evaluated as 0.25992, and is clearly larger than
tension wood cellulose lattice spacing.

Change in lattice spacing during tension
wood drying

Diffraction profiles around the (004) reflection plane ob-
tained in the laboratory x-ray experiment for ramie, cotton,
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FIGURE 4 A typical diffraction patterns (a) obtained
from P. euramericana tension wood in situ and after the
stress release from the first cycle of synchrotron x-ray
experiment (JASRI proposal No. 2003B0463-NL2a-np).
The distance between sample and camera was ~320 mm.
As in enlarged contour plot (b) of the encircled area in a,
the peak position of (004) diffraction shifted toward the

a b
In situ
released released [

.
i
:

higher angle (to the right), indicating that the fiber repeat
distance is contracted upon the release of the maturation
stress. The shift was, however, in the range of a few
pixels so that the longer camera length is requisite to
improve the resolution of the experiment. Yet no
quantitative values were obtained during this experiment
but the shift was constantly observed in the same
direction. Fiber axis is horizontal.

] » tan2 &

and a tension wood sample in wet and dry state are shown in
Fig. 6. Lattice spacing of ramie was evaluated as 0.25872
and that of cotton as 0.25873. That of water-saturated ten-
sion wood is lower, and slightly reduced after drying. The
experiment was repeated for another tension wood sample,
with qualitatively similar results. The estimated lattice spac-
ings and the deduced lattice strains are shown in Table 2. The
macroscopic strain could not be measured precisely on these
samples, but for tension wood the order of magnitude of this
shrinkage is between —8000 and — 10,000 microstrains (34).

DISCUSSION

Macroscopic and lattice strain during
maturation stress release

The values of lattice spacing found for the various tested
samples confirmed the reliability of the experimental proce-
dure, since they are consistent with usually reported values
(e.g., Davidson et al. (35)), corresponding to a fiber repeat
(distance of ¢ axis) of 1.033 or 1.034 nm for wood samples,
1.035 nm for ramie and cotton, and 1.040 nm for algal
cellulose.

The experiments performed at SPring8 show that during
the release of wood maturation stress, a change in cellulose
lattice spacing can be detected. The lattice strain was
evaluated, and found to be the same order of magnitude as

the macroscopic strain. The ratio of lattice strain to macro-
scopic longitudinal strain is 77% for the first log tested and
113% for the second log. The measurement of lattice and
macroscopic strains of a wood sample submitted to external
tensile stress (i.e., loaded in its longitudinal direction) was
previously reported. For similar magnitude of macroscopic
strain, the lattice/macroscopic strain ratio ranged approxi-
mately between 50% and 100% for Chamaecyparis obtusa
(26,27,29).

Macroscopic and lattice strain during
drying shrinkage

In the case of tension wood drying, the detected strain did not
exceed some hundreds of microstrains. However, the longi-
tudinal shrinkage of tension wood samples is usually several
thousands of microstrains. If such a strain had occurred in the
microfibrils, it should have been detected easily. Davidson
et al. (35) report that they could not detect any significant
strain during the drying of wood powder of Pinus radiata.
They also outlined the fact that if this shrinkage had occurred
at the level of cellulose microfibrils, it should have been
detected. The behavior of the microfibrils during drying then
seems to differ from its behavior during stress release, or
when it is submitted to an external load either in wet or in
dry state. To our knowledge, no explanation has to date
been proposed for this fact, though it is important for the

Biophysical Journal 91(3) 1128-1135
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FIGURE 5 Second cycle of synchrotron x-ray experiment (JASRI proposal
No. 2004A0036-NL2a-np). The distance between sample and camera was set
~1.5 mto record only the encircled area in Fig. 5 a. A typical screen shot from
P. euramericana tension wood is shown in a, showing (004) diffraction arc of
cellulose and (111) diffraction ring of gold to calibrate. Radial integration
profiles of the diffraction intensity were shown in b. Note that the calibration
(111) of gold stays unchanged during the experiment. Enlargement at (004)
diffraction peaks of cellulose samples is reproduced in ¢, where one can see
clearly the shift toward the smaller lattice spacing (there is a reciprocal rela-
tionship between scattering angle in Fig. 5 and lattice distance) after the release
of maturation stress. It is also interesting that the Cladophora shows much
larger lattice spacing than wood cellulose, and the difference is much larger than
the difference of P. euramericana wood in situ and after the stress release.
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TABLE 1 Results of the synchrotron x-ray experiment: change
in lattice spacing and macroscopic strain during maturation
stress release of P. euramericana tension wood

Log No. 1 Log No. 2
Lattice spacing (nm)
In situ (before release) 0.25847 0.25896
After stress release 0.25818 0.25877
Strain (uwm/m)
Lattice strain —1142 —763
Macroscopic strain —1478 —678

comprehension of wood behavior and micromechanics. We
tentatively suggest that this difference could be due to the
occurrence of some buckling of the microfibrils during dry-
ing shrinkage, which would not occur during the other kinds
of strains. The phenomenon of *‘buckling’’ can be described
as follows (Fig. 7 b): when a slender solid is submitted to
axial compressive stress, it strains in compression as long as
the stress does not exceed some critical value, above which the
solid suddenly bends. Then, because of the effect of bending on
the structure the distance between two points of the solid is
reduced to a much larger extend than the strain inside the solid.
In drying wood, the compressive stress imposed by the dry-
ing matrix on the microfibrils is very large, so that such a
phenomenon is likely to occur. In addition, the matrix material
strongly shrinks in the direction transverse to the microfibril,
which tends to destabilize the microfibrils and to facilitate the
occurrence of buckling. In the above-cited cases of wood
submitted to external load, the applied stress was a tension, so
that such a phenomenon could not occur anyway. The release
of maturation tensile stress is equivalent to the application of an
external compression, in the sense that it implies a contraction
of wood. However, in this situation, buckling seems not to have
occurred, according the large lattice strain recorded.

+ Ramie x Cotton
= Wet Tension Wood o Dry Tension Wood

Intensity (a.u.)

T T T T T

T T T
0.263 0.262 0.261 0.26 0259 0.258 0.257 0.256 0.255
d (nm)

FIGURE 6 Enlarged conventional x-ray diffractometry profiles at (004)
cellulose diffraction from wet and dry P. euramericana tension wood together
with ramie and cotton as references. The lattice contraction due to drying
was very small and again the difference between wood and ramie/cotton
cellulose was emphasized.
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TABLE 2 Results of the laboratory experiment: change in
lattice spacing and macroscopic strain during drying
shrinkage of P. euramericana tension wood

Specimen 1 Specimen 2
Lattice spacing (nm)
Water-saturated 0.25820 0.25824
Oven-dried 0.25818 0.25814
Strain (uwm/m)
Lattice strain -85 —409

Macroscopic strain —8000/—10,000

The metastable nature of native cellulose could be an al-
ternative hypothesis to explain how the microfibril can be
shortened without lattice spacing being changed (Fig. 7 ¢).
Cellulose microfibrils are synthesized by fixed array of or-
dered synthases and polymerization and crystallization is
believed to occur almost simultaneously from the thermo-
dynamic consideration of formation of the extended cellu-
lose chains (36). Such a mechanism tends to yield a structure
distinguished by uniformity of lateral order along the fibrillar
length axis with the lateral order being distorted. As a result,
microfibrils are in metastable state being ‘‘frozen’’ in the
unfavorable state intermolecularly. If, upon drying, crystal-
lization or lateral ordering was promoted as suggested by
diffraction studies (not shown here), in a way to create more
distinct better and less ordered regions in a microfibril, it
could be a cause of longitudinal contraction. Because the
extended chain conformation is less stable and molecules
tend to shrink if there is no lateral restriction. This might also
be one of the reasons for the large longitudinal shrinkage
during drying which does not accompany the shrinkage of
crystal lattice.

Absolute values of the fiber repeat
of native cellulose

Our measurements showed marked differences in lattice
spacing between cellulose of various origins. Cellulose mi-
crofibrils are fibrous polymers consisting of different number
of chains specific to the cellulose origins. The cellulose
crystal of Cladophora having ~20 nm (37), ramie of 6-8 nm,
and wood of 3—4 nm in width, for instance, consist of more
than 1200 chains, 100-150 chains, 30—40 chains, respec-
tively. According to Davidson et al. (35), the differences in
cellulose lattice spacing between these species would be
related to an effect of crystal size. This would be related to
the difference in hydrogen bonding pattern between cellulose
chains located at the surface and inside of the crystal. In fact,
recently refined structure of cellulose la and I8 (38,39),
cellulose II (40), and cellulose III; (41) data are in perfect
agreement with this concept. The fiber repeat distances of
cellulose I and I8 which accept hydroxyl methyl group at tg
position, are 1.040 and 1.038 nm, whereas that of cellulose II
and III; whose hydroxyl methyl groups are at gt position is
~1.036 and 1.031 nm, respectively. According to the NMR
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L,<L,

C Re-organization of the meta-stable crystal:

A

L<L,

nascent microfibril
(meta-stable state)

Increase in
ordering

FIGURE 7 Schematic drawings of possible shrinkage model of cellulose
microfibril. L is representing the length of wood (or the longitudinal length
of a microfibril) and d the fiber repeat distance, so that the macroscopic strain
is (L — Lo)/Lo and the lattice strain is (d; — do)/do. Hexagons figure the
asymmetric units and dashed lines correspond to the H-bondings system that
bind molecules in lateral direction. (a) Lattice strain corresponds to the
macroscopic strain (likely the maturation strain discussed in this work); b
and ¢ represent models that explain rather large deformation without lattice
shrinkage such as during drying. (b) Microfibril buckling; (c) reorganization
of the metastable crystal.

study of native celluloses, the conformation of hydroxyl
methyl groups is known to be tg in the core and gf on the
surface, respectively. Therefore, H-bonding pattern of sur-
face chains implies a lower equilibrium lattice spacing than
that of inner chains. As all chains are forced to the same
lattice spacing because of lateral bonding, this spacing is in-
termediate between the equilibrium lattice spacing of inner

Biophysical Journal 91(3) 1128-1135
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and surface chains, and depends on the proportion of each
kind of chain. The number of surface chains is proportional
to the perimeter of the microfibril, whereas the number of
inner chains is proportional to its lateral area, so that the ratio
is submitted to a size effect.

As a result, the fiber repeat varies from 1.033 nm for wood
to 1.040 nm for algal cellulose. These are equilibrium values,
i.e., values for unstressed crystal. If the actual fiber repeat is
changed and differs from this equilibrium value, a mechan-
ical stress appears in the crystal. It is remarkable that the
values we found for tension wood after the release of mat-
uration stress is equal to conventional wood values, whereas
the value before stress release is larger, corresponding to a
fiber repeat of 1.035 nm, equal to that of cotton and ramie.
An important question for understanding the mechanical role
of cellulose in wood is: which one is the equilibrium value of
tension wood cellulose?

If the equilibrium lattice distance is the same as in wood,
then we can conclude that cellulose is in tension in situ, and
is directly generating the maturation stress. Alternatively, if
the fiber repeat distance is an equilibrium between surface
and core molecules, it is indeed size dependent as reported
by Davidson et al. (35). If the size of cellulose crystallite in
tension wood is larger than that in normal wood as usually
stated (for instance, 30 and 33), then tension wood should
have a larger equilibrium lattice spacing than normal wood.
Then, it would not be stressed in situ, and it would become
compressed after the release of maturation stress. In this case,
the origin of the maturation stress should be sought in
another wood component than crystalline cellulose. For
instance, the shrinkage of some noncrystalline material
(disordered regions of cellulose or hemicellulose) could be
involved.

CONCLUSION

To understand the mechanical state and function of cellulose
microfibrils/crystallites in the tension wood, we have per-
formed a crystallographic approach to compare the strains at
molecular level to the macroscopic level. We have demon-
strated experimentally for the first time that the fiber repeat
distance of cellulose microfibrils/crystallites is larger in ten-
sion wood in situ than after the release of the maturation
stress. Therefore, the contraction of the cellulose microfi-
brils/crystallites during the release of maturation stress was
confirmed and it was as much as the macroscopic strain was.

However, it is still open whether cellulose microfibrils/
crystallites in tension wood are generating the maturation
stress. The alternative assumption is that they have a larger
equilibrium fiber repeat distance, due to a larger crystal size.
So far, though many studies were carried out to observe the
width of cellulose microfibrils/crystallites in tension wood,
values range between 2 and 7 nm depending on the technique
and sample preparation (30-33). Therefore, it is prerequisite
to increase the precision of the measurement. In addition, data
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on the size together with (004) spacing of wood cellulose
which are crystallized under different physical or physiolog-
ical condition would shed a light on a better understanding of
cellulose structure and its mechanical state in wood.
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