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Abstract The detachment of the gelatinous layer (G-layer),
often observed on microtome cross sections, has led some
authors to believe that the G-layer cannot act as the driving
force of longitudinal shrinkage in tension wood. The aim of
this study was to observe the detachment of the G-layer
along fibers. Green wood blocks were cut transversely
into two samples. One sample was kept in water and the
other was oven-dried. With one face being common to both
samples, the detachment of the G-layer was studied on the
same fibers. Observations were performed after blocking
deformation by embedding. This revealed that the detach-
ment of the G-layer is an effect produced by the act of
cutting the transverse face of the wood block to be embed-
ded. At distances greater than 100µm from this primary
surface of the sample, no detachment was observed. Drying
shrinkage shows little or no effect on this detachment. The
result seems to explain well why the detachment of the G-
layer occurs during sectioning using conventional sliding
microtomy. These observations prove the adhesion of the
G-layer in massive wood and confirm the active role of the
G-layer in tension wood properties.

Key words Wood cell wall · Cutting effect · Gelatinous
layer (G-layer) · Growth stress · Tension wood · Populus
euramericana

Introduction

To maintain verticality, most angiosperms are able to pro-
duce highly tensile stressed wood on the upper side of the
leaning trunk. The stress asymmetry between the upper and
lower sides of the trunk then permits it to bend to recover
verticality.1,2 This xylem with high-tension stress is called
tension wood. It is characterized in many species by an
unusual cell wall structure with a characteristic layer called
the gelatinous layer (G-layer).3 The G-layer is known to
have a high cellulose content with a high degree of crystal-
linity4,5 and cellulose microfibrils are oriented along the axis
of the cell.6 These differences in chemical composition and
structure give tension wood some particular macroscopic
properties when compared with normal wood, notably a
high shrinkage.7–11 These high macroscopic shrinkages can
be explained by the properties of the G-layer itself. In spite
of its structure with microfibrils axially oriented, the G-
layer is subject to high shrinkage in both transverse5 and
longitudinal directions.12 However, in order to contribute to
the macroscopic behaviour, the G-layer has to have a rela-
tively higher elastic modulus in its axial direction than the
other layers of the cell and must be in tight adherence with
them. With the G-layer often being observed loosely
attached to the normal secondary wall (S2) layer,13–15 its
contribution to macroscopic behavior, especially to axial
shrinkage, has been put in question.5,16 The aims of this
study were to observe, after blocking deformation by em-
bedding, the detachment of the G-layer from the S2-layer
along the fiber. Observations were made on never-dried
wood and on dried wood to evaluate the influence of drying
on the G-layer detachment.

Materials and methods

Plant material

Experiments were performed on poplar tension wood
(Populus euramericana Guinier). This species is known to

Used Mac Distiller 5.0.x Job Options
This report was created automatically with help of the Adobe Acrobat Distiller addition "Distiller Secrets v1.0.5" from IMPRESSED GmbH.You can download this startup file for Distiller versions 4.0.5 and 5.0.x for free from http://www.impressed.de.GENERAL ----------------------------------------File Options:     Compatibility: PDF 1.2     Optimize For Fast Web View: Yes     Embed Thumbnails: Yes     Auto-Rotate Pages: No     Distill From Page: 1     Distill To Page: All Pages     Binding: Left     Resolution: [ 600 600 ] dpi     Paper Size: [ 595.3 785.2 ] PointCOMPRESSION ----------------------------------------Color Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitGrayscale Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 150 dpi     Downsampling For Images Above: 225 dpi     Compression: Yes     Automatic Selection of Compression Type: Yes     JPEG Quality: Medium     Bits Per Pixel: As Original BitMonochrome Images:     Downsampling: Yes     Downsample Type: Bicubic Downsampling     Downsample Resolution: 600 dpi     Downsampling For Images Above: 900 dpi     Compression: Yes     Compression Type: CCITT     CCITT Group: 4     Anti-Alias To Gray: No     Compress Text and Line Art: YesFONTS ----------------------------------------     Embed All Fonts: Yes     Subset Embedded Fonts: No     When Embedding Fails: Warn and ContinueEmbedding:     Always Embed: [ ]     Never Embed: [ ]COLOR ----------------------------------------Color Management Policies:     Color Conversion Strategy: Convert All Colors to sRGB     Intent: DefaultWorking Spaces:     Grayscale ICC Profile:      RGB ICC Profile: sRGB IEC61966-2.1     CMYK ICC Profile: U.S. Web Coated (SWOP) v2Device-Dependent Data:     Preserve Overprint Settings: Yes     Preserve Under Color Removal and Black Generation: Yes     Transfer Functions: Apply     Preserve Halftone Information: YesADVANCED ----------------------------------------Options:     Use Prologue.ps and Epilogue.ps: No     Allow PostScript File To Override Job Options: Yes     Preserve Level 2 copypage Semantics: Yes     Save Portable Job Ticket Inside PDF File: No     Illustrator Overprint Mode: Yes     Convert Gradients To Smooth Shades: No     ASCII Format: NoDocument Structuring Conventions (DSC):     Process DSC Comments: NoOTHERS ----------------------------------------     Distiller Core Version: 5000     Use ZIP Compression: Yes     Deactivate Optimization: No     Image Memory: 524288 Byte     Anti-Alias Color Images: No     Anti-Alias Grayscale Images: No     Convert Images (< 257 Colors) To Indexed Color Space: Yes     sRGB ICC Profile: sRGB IEC61966-2.1END OF REPORT ----------------------------------------IMPRESSED GmbHBahrenfelder Chaussee 4922761 Hamburg, GermanyTel. +49 40 897189-0Fax +49 40 897189-71Email: info@impressed.deWeb: www.impressed.de

Adobe Acrobat Distiller 5.0.x Job Option File
<<     /ColorSettingsFile ()     /LockDistillerParams false     /DetectBlends false     /DoThumbnails true     /AntiAliasMonoImages false     /MonoImageDownsampleType /Bicubic     /GrayImageDownsampleType /Bicubic     /MaxSubsetPct 100     /MonoImageFilter /CCITTFaxEncode     /ColorImageDownsampleThreshold 1.5     /GrayImageFilter /DCTEncode     /ColorConversionStrategy /sRGB     /CalGrayProfile ()     /ColorImageResolution 150     /UsePrologue false     /MonoImageResolution 600     /ColorImageDepth -1     /sRGBProfile (sRGB IEC61966-2.1)     /PreserveOverprintSettings true     /CompatibilityLevel 1.2     /UCRandBGInfo /Preserve     /EmitDSCWarnings false     /CreateJobTicket false     /DownsampleMonoImages true     /DownsampleColorImages true     /MonoImageDict << /K -1 >>     /ColorImageDownsampleType /Bicubic     /GrayImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>     /CalCMYKProfile (U.S. Web Coated (SWOP) v2)     /ParseDSCComments false     /PreserveEPSInfo false     /MonoImageDepth -1     /AutoFilterGrayImages true     /SubsetFonts false     /GrayACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>     /ColorImageFilter /DCTEncode     /AutoRotatePages /None     /PreserveCopyPage true     /EncodeMonoImages true     /ASCII85EncodePages false     /PreserveOPIComments false     /NeverEmbed [ ]     /ColorImageDict << /HSamples [ 2 1 1 2 ] /VSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.9 >>     /AntiAliasGrayImages false     /GrayImageDepth -1     /CannotEmbedFontPolicy /Warning     /EndPage -1     /TransferFunctionInfo /Apply     /CalRGBProfile (sRGB IEC61966-2.1)     /EncodeColorImages true     /EncodeGrayImages true     /ColorACSImageDict << /VSamples [ 2 1 1 2 ] /HSamples [ 2 1 1 2 ] /Blend 1 /QFactor 0.76 /ColorTransform 1 >>     /Optimize true     /ParseDSCCommentsForDocInfo false     /GrayImageDownsampleThreshold 1.5     /MonoImageDownsampleThreshold 1.5     /AutoPositionEPSFiles false     /GrayImageResolution 150     /AutoFilterColorImages true     /AlwaysEmbed [ ]     /ImageMemory 524288     /OPM 1     /DefaultRenderingIntent /Default     /EmbedAllFonts true     /StartPage 1     /DownsampleGrayImages true     /AntiAliasColorImages false     /ConvertImagesToIndexed true     /PreserveHalftoneInfo true     /CompressPages true     /Binding /Left>> setdistillerparams<<     /PageSize [ 576.0 792.0 ]     /HWResolution [ 600 600 ]>> setpagedevice



219

have a characteristic tension wood fiber with the G-layer
organized as P � S1 � S2 � G.17 Samples were taken from
the upper side of a tilted and bent young poplar tree (8cm
diameter at breast height). This tree shape, which shows the
necessity and ability to restore verticality, is an indicator of
the production of tension wood. Anatomical observations
of samples confirmed the presence of a large number of
fibers with a thick G-layer and a thin S2-layer.

Sample preparation

Samples were maintained in water as soon as they were
taken from the tree. Wood sticks (4mm in longitudinal
direction, 1 � 1mm2 in cross section) were longitudinally
cut by splitting to guarantee a good axial direction. To avoid
shrinkage, the samples were kept in a drop of water during
the preparation. They were then cut in the middle of axial
direction, perpendicular to the fiber, with a new razor blade
(Feather S35 type) to obtain two samples. Both samples
were perfectly symmetrical and the effect of the tool on
both faces was considered as identical. One sample was
oven-dried (105°C, 6h) and the other kept in water (Fig. 1).
With one face being common to both samples, it was pos-
sible to recognize fibers on both samples and then compare
the effect of drying on the same fiber. This common face
was called the reference face (RF). Wet samples were dehy-
drated with an ethanol series and embedded in LR White
resin (two exchanges of resin/ethanol mixture for 1h, fol-
lowed by two exchanges in pure resin for 1h and kept
overnight at room temperature). Dried samples were di-
rectly embedded in LR White resin after being removed
from the oven (two exchanges under vacuum in pure resin
for 1h and kept overnight at room temperature). Serial
cross-sectioning (2µm thickness) was performed with a
glass knife. Sectioning of oven-dried samples was more
difficult and the flatness of the sections was often more
irregular. This may be because the penetration of the
resin into dry samples without the ethanol series is less
efficient. Sections were stained with toluidine blue mixed

with azure II, mounted on glass slides, and observed under
an optical microscope. Images were obtained with a digital
camera and measurements were taken with image-analysis
software.

After polymerization of the resin, all deformations of the
tissue are supposed to be blocked, and then sectioning does
not alter the shape and size of the cell wall layers (compres-
sion deformations inevitably produced by the cutting effort,
perpendicular to the cutting direction, were not considered
because they do not affect the interpretation of results in
this article). This method allows the observations of the
cells from the RF to inside the sample, conserving the mor-
phology as it was before embedding. Thus, all the deforma-
tions observed in the cell shapes are the results from cutting
the RF and drying shrinkage before embedding. As proof
that G-layer detachment had occurred before embedding,
the presence of resin between the G-layer and the S2-layer
can be observed (continuity of knife trace in resin between
G-layer and S2-layer) in Fig. 2. The shape of the cell wall
layers (notably G-layers) was followed from the cutting
end, along the fibers. Detachment of the G-layer was taken
into account as far as was visible under a microscope
(magnification 630�).

In this report, “never-dried wood” refers to resin-
embedded wood without oven-drying. However, the conse-
quences of dehydration by ethanol series needed for
embedding are not well known. Notably, a partial shrinkage
could occur as suggested by Ishimaru and Sakai.18

Results

G-layer detachment in never-dried wood

As is frequently observed on thin transverse sections, the
poplar samples studied showed some fibers in which the
G-layer was partially detached from the S2-layer. This
phenomenon was clearly visible at the end of the sample
(near RF), but gradually disappeared at sites farther
removed. Figure 2 shows the same group of cells observed
at six distances from the RF (10, 18, 28, 50, 70, and 150µm).
Twenty-five fibers in which the G-layers were detached
on the surface of the sample were followed for up to
300µm from the RF. It appears that at 40µm from the RF,
only half of the fibers still showed a detached G-layer. At
100µm from the RF, the 25 fibers observed showed no
further delamination between the G-layer and S2-layer.
Continuing observation up to 300µm showed no detached
G-layer.

Effect of drying on G-layer detachment

In the oven-dried part of the sample, fibers presenting
G-layer detachment also showed detachment in the
nondried part of the sample (Fig. 3). The same number of
fibers showed detachment of the G-layer. Similar depth
(slightly more) was needed to recover adherence between
the G-layer and S2-layer. Like in the never-dried sample, no

1. oven dry (103°C – 6h) 
2. embedding (LR white) 
3. serial sectioning (2 µm)  

1. ethanol  substitution series 
2. embedding (LR white) 
3. serial sectioning (2 µm) 
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Detail on 
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section far 
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dried 
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Fig. 1. Experimental protocol and terminology
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detachment of the G-layer was observed at distances
greater than 100µm from the end.

Discussion

The observations noted in this study show that detachment
of the G-layer, which is often observed, is a border effect.
In our observations, this affected only the first 100µm

near the RF. Therefore, detachment of the G-layer is fore-
seeable when using conventional sliding microtoming, be-
cause the thickness of sections is usually around 10–20µm.
Observations made on the dried wood suggest that G-layer
detachment shows little or no dependence on drying
shrinkage.

Our observations agree well with the observations made
by Okumura et al.19 They followed the thickness variation
of the G-layer all along tension wood fibers on embedded
samples; however, no detachment was observed on the

a b c 

f e d 

Fig. 2a–f. Transverse sections of
never-dried poplar tension
wood. Observation of detach-
ment of the G-layer from S2-
layer versus distance (D) to the
reference face (cutting surface).
a D � 10 µm, b D � 18 µm, c D �
28µm, d D � 50µm, e D �
70µm, f D � 150µm. Bar 20 µm

a b c 

f e d 

Fig. 3a–f. Transverse section of
dried poplar tension wood. Dis-
tance (D) to the reference face: a
D � 10µm, b D � 16µm, c D �
34µm, d D � 50µm, e D � 96µm,
f D � 150µm. Observed cells are
the same as in Fig. 2. Bar 20 µm
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electron micrographs they presented. This is likely because
in order to observe total length of the targeted fibers,
the sections were cut far enough from the border of the
sample. In these conditions, detachment would not be
observed.

As reported by some authors,20 observation near the end
of the sample (Figs. 2, 3) shows that the largest deforma-
tions of detached G-layer are always oriented in the same
direction. Action of the tool (razor blade) on the G-layer
seems to be the trigger of the detachment. However, layers
other than the G-layer have never been reported to be
subject to detachment during sectioning. The reasons for
the specificity of the G-layer will have to be considered to
explain its detachment from the S2-layer. Some works are in
progress to determine if the high tensile stress, which can
be expected in the G-layer,21 could be the trigger of this
detachment.

Thus, in tension wood fiber, the G-layer is always in
adherence to the S2-layer in massive wood. The adherence
is strong enough not to be significantly altered by the high
transverse and longitudinal shrinkage of the G-layer. These
observations prove the contribution of the G-layer to the
mechanical and physical properties of tension wood. Be-
cause the G-layer shrinks during drying,12 the present study
reinforces the idea that the G-layer is the driving force of
macroscopic longitudinal shrinkage of tension wood.
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