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e Background Tension wood evolved in woody angiosperms to allow stems with secondary thickening to bend and
thus maintain an optimal orientation. Stem bending is the result of longitudinal tensile stress that develops in tension
wood tissues. In many species, a specialized secondary cell wall layer, the so-called gelatinous (G)-layer, develops,
containing longitudinally orientated crystalline cellulose fibrils; these have been recently shown to generate the
tensile stress by an unknown mechanism. The cellulose fibrils cannot, however, work in isolation. Both coherence
between the fibrils and adherence of the G-layer to the adjacent cell wall layers are required to transfer the tensile
stresses of the cellulose fibrils to the tissue. Previous work had not identified hemicelluloses within the G-layer.

® Recent Progress Sugar composition and polysaccharide linkage analyses of pure G-layers isolated by sonication
have recently identified xyloglucan as the main non-cellulosic component of the G-layer. Xyloglucan has been
detected by immunolabelling with the CCRC-M1 monoclonal antibody and by in-situ activity assays using
XXXG-sulforhodamine substrate in the developing G-layers but not in the mature ones. However, xyloglucan endo-
transglucosylase/hydrolase (XTH) proteins persist in the G-layer for several years and the corresponding xyloglucan
endotransglucosylase (XET) activity (EC 2-4-1.207) occurs in the adjacent layers. Correspondingly, several XTH-
encoding transcripts were found to be up-regulated in developing tension wood compared with normal wood.

e Scope We propose that, during cellulose crystallization, a part of the xyloglucan is trapped inside the crystal, indu-
cing longitudinal tensile stress within it; another part of it is accessible and present between the G-layer and the outer
wall layers. XET activity that occurs persistently in the G-fibres maintains coherence between the G-layer and the
adjacent secondary wall layers. It is postulated that these activities are essential for generation of tensile stress during
fibre maturation in tension wood.

Key words: Tension wood, gelatinous layer, Populus tremula x tremuloides, growth stress, reaction wood, XET, aspen,
cellulose microfibril, G-layer, xyloglucan, Xyloglucan endotransglucosylase.

INTRODUCTION
What is tension wood?

Tension wood is a specialized tissue that evolved in angio-
sperms to allow tree trunks and other stems with secondary
thickening to bend, so that they are able to maintain plant
architecture and an appropriate orientation in the gravita-
tional field (Jourez, 1997a, b). Tension wood is produced
in the trunk when its orientation is shifted from the vertical,
for example by landslides, wind-throw or snow damage.
Tension wood is also formed when mechanical reinforce-
ment is needed. For example, in branches it is permanently
present in the upper side of the stem, where it counteracts
the increasing branch mass and regulates branch angle.
Tension wood tissue is, therefore, essential for shaping
the architecture of dicotyledonous woody species and, in
so doing, it optimizes leaf exposure to sunlight.

The bending of stems with secondary thickening is
explained by the growth stress hypothesis. Growth stresses
are mechanical stresses arising in tissues during growth
and differentiation. They have been most extensively
studied in growing tree trunks. Growth stress increases
during wood cell maturation, leading to the generation of
longitudinal tensile stress at the stem surface (Hejnowicz,
1997; Plomion et al., 2001). When tensile stresses are
uneven around the stem circumference, a bending moment

* For correspondence. E-mail ewa.mellerowicz @ genfys.slu.se

is created and the trunk bends. Tension wood can thus be
defined as wood that develops a high tensile stress compared
with normal wood or opposite wood (Almeras et al., 2005;
Clair et al., 2006a).

Presence of the G-layer in tension wood fibres

Tension wood can be detected macroscopically by an
eccentric growth ring pattern: the cambial growth is
increased on the tension wood side of the stem compared
with the opposite side (Jourez, 1997a). At a microscopic
level, tension wood is characterized by fewer vessels (and
correspondingly more fibres), and by differences in the
cell wall architecture of the fibres. Tension wood fibres of
many species, including several poplar (Populus) species,
form a thick specialized cell wall layer called the gelatinous
layer (G-layer) inside the secondary cell wall layers. In
poplar, the G-layer partially replaces the second layer of
secondary walls (S2 layer) (reviewed by Mellerowicz
et al., 2001) and is often seen in transverse sections as
being detached from other cell wall layers (Fig. 1). This,
however, is an artefact of sectioning and is seen only
close to the section surface (Clair et al., 2005).

Early investigations into the carbohydrate composition of
the G-layer in poplar had suggested that the layer contains
almost pure cellulose (Norberg and Meier, 1966). The
1,4-B-glucan chains of cellulose in the G-layer form crystals
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Fic. 1. The G-layer in poplar tension wood is under tensile stress; this has
been demonstrated by Clair and Thibault (2001), who observed its exces-
sive shrinkage compared with other layers after transverse cutting of fibres
in water (to prevent dehydration, which causes even greater G-layer shrink-
age). The detachment of the G-layer from the adjacent S2 layer shows that
the boundary between layers is a weak area, which does not contain many
reinforcing cellulose fibrils. Therefore the connection must be maintained
by compounds other than cellulose. Scale bar =5 wm. Photograph from
Clair and Thibault (2001), reprinted with permission.

which, according to X-ray diffraction analysis, have a cross-
sectional area approximately four times larger than the
crystals in the adjacent S2 layer (Miiller et al., 2006). This
suggests that the tendency to form larger crystal aggregates
of microfibrils, so called macrofibrils, is higher in the
G-layer than in the S2 layer owing to the low lignin and
hemicellulose content. [We use the term ‘microfibril’ for
the cellulose fibril coming out of a single rosette and
having a diameter of approx. 3 nm, the term ‘macrofibril’
for microfibril aggregates, which in the G-layers were
reported to be approx. 6-5 nm in diameter (Miiller et al.,
2006), and the general term ‘fibril” for any type of cellulose
crystallite in cell wall.] A similar aggregate formation is
known to occur during wood pulp preparation, when lignin
and hemicelluloses are removed (Hult et al., 2001). It is
still not clear, however, whether the macrofibrils observed
in the G-layer are formed in situ or whether their formation
is triggered by sample preparation. It is well established that
the orientation of cellulose fibrils in the G-layer is almost
parallel to the cell axis, whereas it is it at an angle in the adja-
cent secondary (S) layers (Chaffey, 2000; Miiller et al.,
2006). The G-layer is also known to be almost devoid of
lignin, whereas the secondary cell walls in the adjacent
layers have a normal or higher lignin content than the analo-
gous layers in normal wood (Pilate et al., 2004). These
differences in chemical composition and cell wall architec-
ture between the G-layer and adjacent layers must be the
reason for their differential shrinkage, which can be observed
upon stress release by transverse cutting of fibres (Fig. 1).

Current ideas about the mechanism of action of the G-layer

Although there is much debate on the origin of tensile
growth stress in the wood (reviewed by Pilate et al.,
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2004), it is clear from the G-layer behaviour (Fig. 1) that
this layer can be responsible for tensile stress generation
in wood. Recent data on the crystal structure of cellulose
fibrils, obtained using a synchrotron X-ray beam, have
revealed that the cellulose crystals have a greater lattice
spacing under tensile stress in situ than observed following
tensile stress release (Clair et al., 2006b). This has demon-
strated, for the first time, that tensile stress develops in cel-
lulose during maturation. The mechanism responsible for
this build-up of tensile stress is not yet clear but one possi-
bility is that it is mediated by lateral crystallization of par-
allel microfibrils, as indicated by measurements of crystal
fibre diameter (Miiller et al, 2006). Comparing the macro-
fibrils from a few different sources, Clair et al. (2006b)
did, indeed, observe a positive correlation between lattice
spacing and macrofibril diameter.

The emerging picture of G-layer architecture and the pro-
posed mechanism for its action raises several questions. If
lateral microfibril crystallization occurs, why would it
lead to the development of tensile stress? How is the coher-
ence of cellulose in the G-layer maintained? And how can
the G-layer transfer its tensile stresses to the tissue when it
is only loosely attached to the adjacent layers?

A NEW HYPOTHESIS OF G-LAYER FUNCTION

Carbohydrate analysis in the G-layer reveals the presence
of xyloglucan and arabinogalactan—proteins

The analysis of the polysaccharide sugar composition in
pure G-layers, isolated from poplar (P. tremula) tension
wood by sonication, indicated that the G-layer contains
less cellulose and more other carbohydrates than previously
believed based on analyses by Norberg and Meier (1966).
The following molar percentages of neutral sugars were
found: rhamnose, 0-6 %; fucose, 1-3 %; arabinose, 0-7 %;
xylose, 5-6 %; mannose, 2-1%; galactose, 1-1%; and
glucose, 88-6 % (Nishikubo et al., 2007). Similar findings
were reported by Furuya et al. (1970), who additionally
observed pectin (homogalacturonan) in the G-layers of
P. euroamericana. Linkage analysis (Nishikubo et al.,
2007) suggests the presence of xyloglucan — a hemicellu-
lose known to occur in primary cell walls. This polymer
has a repetitive cellotetraose backbone of which three
contiguous glucose residues are substituted by (1 — 6)-
a-xylopyranose, which can be further decorated with galac-
tose and fucose (Hayashi and Takeda, 1994). The presence
of 4,6-linked glucose supported the demonstration of the
presence of xyloglucan. Based on the neutral sugar compo-
sition and linkage analyses, it can be deduced that the xylo-
glucan content is probably between 10 % and 15 %, and,
thus, it is the most significant non-cellulosic component
of the G-layer (Nishikubo er al., 2007).

Another significant component appears to be type II
arabinogalactan. This polymer forms the glycan part of
arabinogalactan—proteins (AGPs) and has a backbone of
(1 — 3)-linked B-galactopyranose units that are substituted
at O-6 by side-chains of 1,6-3-galactopyranose units
(Gaspar et al., 2001). The presence of 3,6-linked galactose
in G-layers is, therefore, indicative of the presence of AGPs.
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The presence of AGPs in the G-layers was demonstrated by
use of monoclonal antibodies (Lafarguette et al., 2004;
Bowling and Vaughn, 2008). These observations are
consistent with analyses of gene expression (Lafarguette
et al., 2004; Andersson-Gunneras er al., 2006), which
showed a spectacular up-regulation of one class of AGPs
similar to Arabidopsis FLA12 and containing the fasciclin
domain in developing tension wood compared with
normal or opposite wood. Neutral sugar and linkage ana-
lyses (Nishikubo er al., 2007) suggest that there is about
2 9% arabinogalactan, although this estimate may be too
low because AGPs are readily dissolved in water, so can
be lost during G-layer isolation. Besides xyloglucan and
arabinogalactan, approx. 2% of the sugars appears to
belong to glucomannan. Recently, pectin (rhamnogalactur-
onan I) epitopes have also been detected in the G-layers of
sweetgum and hackberry by immunolocalization (Bowling
and Vaughn, 2008). Pectin content might have been under-
estimated in previous studies owing to losses during G-layer
isolation. Thus, the composition of the G-layer is quite
different from that of either primary or other secondary
cell wall layers.

Immunolocalization of xyloglucan with the monoclonal
antibody CCRC-M1, which recognizes the fucose residue
of xyloglucan (Puhlmann er al., 1994), has revealed the
presence of xyloglucan in the developing G-layer and in
primary wall layers. In contrast, mature G-layers appeared
devoid of the label apart from a faint trace on the inner
surface (Nishikubo er al., 2007; K. Baba, T. Hayashi
et al., unpubl. res.). We presume that this partially reflects
some masking of the CCRC-M1 epitope associated with
the maturation process. Similarly, immunolocalization of
AGPs by use of the JIM14 monoclonal antibody did not
detect a signal in the mature part of the G-layer; only the
innermost (developing) part was labelled (Lafarguette
et al., 2004).

Xyloglucan endotransglucosylase (XET) activity shifts from the
G-layer to outside, where it persists in the dead fibres

Considering the presence of xyloglucan in the G-layers,
we wondered whether XET activity was also present
there. By use of an antibody against aspen P#XETI16A
(Bourquin et al., 2002), the presence of xyloglucan endo-
transglucosylase/hydrolase (XTH) protein in the G-layer
can be readily detected (Nishikubo et al, 2007). The
protein was observed in cell walls during fibre differen-
tiation. In the mature wood, XTH protein was present in
the tension wood fibres, where it was specifically localized
in mature G-layers, but was absent from secondary wall
layers. Unexpectedly, the protein persisted in the G-layers
of dead fibres for several years. Transglycosylation reac-
tions do not require energy or reducing power and, theoreti-
cally, can occur outside the living cell (Fry, 2004). Is it
possible that XET acts in the G-layers post mortem? XET
activity can be monitored in situ by observation of the
incorporation of a fluorescently labelled acceptor substrate
into the cell wall (Vissenberg et al., 2000). In normal
wood fibres, the activity is observed during the early
stages of secondary wall synthesis, when the xyloglucan
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is still being deposited in the compound middle lamella
via the developing secondary wall layers (Bourquin et al.,
2002). This activity, however, does not continue during
the later stages of secondary wall biosynthesis. In contrast,
in developing tension wood fibres, XET activity is visual-
ized by use of XXXG-sulforhodamine (Nishikubo et al.,
2007) or xyloglucan—FITC (fluorescein isothiocyanate)
(Takeda et al., 2002; K. Baba, T. Hayashi et al., unpubl.
res.) at the inner surfaces during the early stages of second-
ary wall development, and it can also be seen clearly with
these probes during the later stages, when the G-layer is
being synthesized. Soon after the synthesis is completed,
XET activity can no longer be detected in the layer by
any of the probes. Instead, with XXXG-sulforhodamine,
XET activity can be seen immediately outside the G-layer
(Fig. 2), where it is detectable for several years after fibre
formation (Nishikubo et al., 2007). Thus, during G-layer
maturation, some, as yet unknown, process makes the
G-layers impermeable to the incorporation of the fluor-
escent substrates. It is probably the same process that
masks CCRC-M1 epitopes in mature G-layers.

Several XTH genes are up-regulated during G-layer
biosynthesis

XET activities (or XETs) are encoded by the XTH gene
family (41 genes in poplar; Geisler-Lee et al., 2006). To
determine which genes might be responsible for the
observed XET activity in the G-fibres during the primary
and secondary wall development stages, gene-specific
macroarrays comprising 16 poplar XTH genes found to be
expressed in mature stem tissues were used (Nishikubo
et al., 2007). During primary wall development, there was
less of the P#XETI6-35 transcript in the tension wood
than in the normal wood, while some other XTH genes
were up-regulated. As a result, the overall abundance of
XTH transcripts was similar to that found in normal
wood. In contrast, during secondary wall development,
there was a 2-fold increase in XTH transcripts in tension
wood, with at least four different genes (XTHI4, -21, -27
and -36) being induced. None of these up-regulated genes
shares the conserved residues found in xyloglucan endo-
hydrolases (Baumann et al., 2007), the other enzymic

Fic. 2. XET activity in tension wood fibres, visualized by the incorpor-
ation of XXXG-sulforhodamine. Recently formed fibres show XET
activity in the developing G-layers (A). At a later developmental stage,
the activity is seen adjacent to the G-layer, where it persists for several
years (B). Scale bar = 10 wm. Figure based on Nishikubo er al. (2007).
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activity known within the XTH family. These genes are,
therefore, probably responsible for the observed XET
activity in tension wood fibres (Fig. 2).

New ideas about the role of XET activity in the G-layers

Based on the above findings, we postulate that xylo-
glucan and XET play essential roles in the mechanism of
the generation of maturation stress and stem bending
by tension wood. The maturation stress is proposed to
develop first within the cellulose macrofibril, and then to
be transmitted to the G-layer, to the G-fibre and to the
tissue, as presented below and illustrated in Fig. 3.

Development of tensile stress in cellulose macrofibrils. The
microfibrils of the G-layers readily crystallize into macro-
fibrils because of the relatively low hemicellulose content.
This process involving, for example, four adjacent micro-
fibrils (Miiller et al., 2006) would entrap xyloglucan inside
the cellulose macrofibril and make it inaccessible to anti-
bodies or XET activity. Such xyloglucan would correspond
to the most tightly bound hemicellulose fraction, which is
only released upon cellulose swelling (Hayashi, 1989).
Crystallization around the xyloglucan would lead to the
development of longitudinal tensile stress in the cellulose
(Fig. 3, process 1) that upon release would shorten the
macrofibril to accommodate the presence of xyloglucan
in the pocket (Fig. 3, process 2), with a conformational
change of the lattice as observed experimentally (Clair
et al., 2006b). Other hemicelluloses and pectins that directly
interact with cellulose microfibrils could play a similar role,
but it appears from the chemical analysis that xyloglucan is
the most important polysaccharide (Nishikubo et al., 2007).
Interestingly, the presence of an intra-fibrillar substance in
the G-layers was proposed long ago by Sachsse (1964)
based on a honeycomb-like appearance of the cellulose
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network not seen in the secondary wall layers. The honey-
comb structure probably corresponds to xyloglucan pockets
within cellulose macrofibrils. In the S layers, the more
abundant hemicelluloses would immediately interact with
newly synthesized cellulose microfibrils preventing the
formation of macrofibrils as reflected in cellulose fibril
diameter data (Miiller er al., 2006).

Development of tensile stress in the G-layer. Cellulose micro-
fibrils in cell walls could crystallize with different partners
along their length to form macrofibrils, as suggested by the
atomic force microscopy images of Ding and Himmel
(2006). This process would create a united cellulose
network that would allow the macrofibrils to shrink uniformly
as a layer, when the tensile stress is relieved, which was
observed under experimental conditions (Fig. 1). Since the
cellulose macrofibrils of the G-layer are axially orientated,
the relative shrinkage of each macrofibril (S,,), expressed as
a percentage of initial macrofibril length, would be equal to
the relative shrinkage of the G-layer (S,):

However, in the secondary wall layers, the same degree of
shrinkage of cellulose macrofibrils S,,, would result in:

Sy = S cos a

shrinkage of the S layer, where « is the S layer microfibril
angle, which is typically between 10° and 30°. Thus, the
larger the angle (the more transversely orientated microfibrils)
the less longitudinal wall layer shrinkage would be observed.

Development of the tensile stress in the wood. The tensile
stress in the G-layers is transferred to entire G-fibres
because all cell wall layers are thought to be connected to

/z\
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§

Fi1G. 3. Model of the G-layer and its attachment to the S2 layer, depicting the proposed roles of xyloglucan (yellow), XTH with XET activity (blue) and
cellulose fibrils (beige) in the development of tensile stress during maturation. The G-layer is shown from outside through two layers of S2 cellulose
microfibrils orientated at an angle. The G-layer has several layers of cellulose microfibrils orientated axially, which aggregate during maturation to
form a lattice-like structure (not pictured here) locally forming groups of four microfibrils that could trap short xyloglucan chains inside, as shown
in 1. This induces the longitudinal tensile stress that leads to macrofibril shortening, as shown in 2. Xyloglucan makes cross-links between G and S2
layers as shown on the left. The XTH enzyme saturates the cut ends of xyloglucan ready to reconnect them to a suitable acceptor. Mechanical
rupture of a cross-link would thus be rapidly repaired by transglucosylation. Xyloglucan-free XTH enzyme is stored in the G-layer. For more details
see the text.
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each other by hemicelluloses, as explained below, and
further to the wood because all wood cells are connected
within the tissue by pectins and lignin. Since cellulose
fibrils are axially orientated in the G-layers, and the
G-fibres are also axially orientated, the same degree of
the shrinkage will be observed at the stem surface of the
tension wood as in the G-fibres and in the individual macro-
fibrils of the G-layer, as indeed was observed by Clair et al.
(2006D).

Xyloglucan is thought to ‘glue’ the tension-stressed
G-layers to the adjacent outer wall layers. Xyloglucan depo-
sition in this area is very intense during the early stage of
G-layer deposition, and has been recorded in the form of
high XET activity and CCRC-M1 labelling (Nishikubo
et al., 2007). We hypothesize that the xyloglucan that is
seen in the G-layers is mainly en route to the outer wall
layers, as is observed in normal wood fibres (Bourquin
et al., 2002). The xyloglucan migration may be assisted
by molecular chaperones, such as AGPs (Braam, 1999),
which would prevent xyloglucan interacting with already
crystallized macrofibrils. A strong connection between
cell wall layers is essential for efficient tensile stress trans-
fer: any slippage would reduce the efficacy of the macro-
fibril pulling action. According to our model, XTH is
present as a xyloglucan partner between the layers, where
it probably saturates all available ends of the xyloglucan;
any rupture of a xyloglucan cross-link could be rapidly
repaired by transglucosylation. When xyloglucan is
secreted on to the inner surface during macrofibril layering,
XTH could bind the mid-chain region of the secreted xylo-
glucan, cleave it, and transfer this newly generated reducing
end to the non-reducing end of wall-bound xyloglucan at
the interface between the G- and S2 layers. Thus, the xylo-
glucans in the walls would form a larger network during
endotransglucosylation, and XET activity would not work
to loosen but to tighten the connection between the
layers. We presume that the high hydrophobicity of the
adjacent layer, due to lignification, excludes the enzyme
from this layer, while the hydrophilic environment, pro-
duced by the abundant AGPs (Braam, 1999), attracts the
enzyme to the G-layer. This way, the cutting of xyloglucan
cross-links by XET activity, which would weaken the
connection, is minimized.

It seems that Nature has evolved a clever mechanism not
only to create these connections but also to maintain them
for as long as possible. G-fibres accumulate large supplies
of XTH protein in their G-layers. This reserve is enough
to last for several years after cell death and provide XET
activity as required, as long as there is sufficient moisture
around the enzyme. It is likely that the abundant AGPs
create an appropriate moisture environment in the cell
wall and, by so doing, promote XET activity (Takeda and
Fry, 2004).

The role of xyloglucan (and also other hemicelluloses)
and XET activity (and possibly other transglycosylase
activities as recently identified within the XTH family;
Ait Mohand and Farkas, 2006; Hrmova et al., 2007;
Fry et al., 2008) in tensile stress development during
maturation, as described above, may be more generally
applicable. Such a growth stress also develops in upright

663

trees, albeit to a lesser extent than in tension wood. In
support of this, XET activity has been reported during sec-
ondary wall deposition in normal wood fibres (Bourquin
et al., 2002). In normal wood fibres, the S2 layer could
play a role similar to that of the G-layer in tension wood
fibres, and it could drive development of tensile stress
because of its cellulose microfibril orientation, which is
relatively axial, and the low lignin content compared with
that of the outer wall layers (reviewed by Mellerowicz
and Sundberg, 2008) creating a more hydrophilic environ-
ment. However, unlike in the G-fibres, so far no transglyco-
sylating protein has been reported in the S2 wall layers.

FUTURE PERSPECTIVES

Although the evidence presented here strongly supports the
role of XET and xyloglucan in tension wood-mediated stem
bending, direct experimental confirmation is still required.
Xyloglucan-deficient poplars were recently obtained in
the laboratory of one of us (Park et al., 2004) and these
lines can be used directly to test our hypotheses. The
xyloglucan-modified poplars should be tested for stem
bending, as well as for maturation stress generation.
Recently a number of mechanical tests were developed
for biological materials; in combination with mutant ana-
lyses, these should allow us to understand the mechanical
construction of the plant cell wall (Burgert, 2006).

Most hypotheses regarding the roles proposed above
relating to AGPs in maturation stress generation need to
be verified experimentally. In this context, the characteriz-
ation of the phenotypes of AGP-modified trees is a promis-
ing route. It is also necessary to measure the AGP content,
composition and interactions with other cell wall com-
ponents in the secondary wall layers.

Information on the kinds of transglycosylation reactions
that may occur in the secondary walls is lacking. Although
enzyme-dependent incorporation of the XXXG-sulforho-
damine (acceptor substrate) into different secondary cell
wall layers has been observed, it is not known which
donor became attached to the XXXG-sulforhodamine. It
was recently demonstrated that XTH family proteins might
use other donors such a mixed-linkage glucan in addition
to xyloglucan (Ait Mohand and Farkas, 2006; Hrmova
et al., 2007; Fry et al., 2008) and perhaps such donors
play a role in maturation stress management in secondary
walls. Cell wall layers adjacent to the G-layer must have
evolved together to permit transglucosylations between
these layers. Analysis of the composition of these different
cell wall layers would help to resolve these questions.

Although we, and others, proposed microfibril crystalli-
zation as being a driving force in the generation of
maturation stress, this hypothesis needs to be verified
experimentally. The lattice architecture and macrofibril
ultrastructure with entrapped hemicellulose still need to
be demonstrated experimentally and the crystal structure,
with and without the xyloglucan pockets, determined.
How the crystallization process is controlled in the cell
wall is largely unknown, but recently evidence has been
obtained that cellulose crystallinity in cell walls is regulated
by KORRIGANI (a membrane-bound cellulase of family
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GH9 implicated in cellulose biosynthesis), possibly
by splitting cellulose macrofibrils (J. Takahashi,
E. J. Mellorowicz et al., unpubl. res.). In this case, it
should be possible to use KORRIGANI-modified plants
to test the effects on maturation tensile stress. In
summary, new tools are already available to test experimen-
tally many of the hypotheses described above; this should
help to resolve the long-standing debate on the mechanism
of tension wood action.
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