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Abstract 
To recover verticality after disturbance, angiosperm trees produce “tension wood” allowing 

them to bend actively. The driving force of the tension has been shown to take place in the 

G-layer, a specific unlignified layer of the cell wall observed in most temperate species. 

However, in tropical rain forests, the G-layer is often absent and the mechanism generating 

the forces to reorient trees remains unclear. 

A study was carried out on tilted seedlings, saplings and adult Simarouba amara trees – a 

species known to not produce a G-layer. Microscopic observations were done on sections 

of normal and tension wood after staining or observed under UV light to assess the 

presence/absence of lignin. 

We showed that S. amara produces a cell-wall layer with all of the characteristics typical 

of G-layers, but that this G-layer can be observed only as a temporary stage of the cell-wall 

development because it is masked by a late lignification. Being thin and lignified, tension 

wood fibres cannot be distinguished from normal wood fibres in the mature wood of adult 

trees.  

These observations indicate that the mechanism generating the high tensile stress in tension 

wood is likely to be the same as that in species with a typical G-layer and also in species 

where the G-layer cannot be observed in mature cells. 

Keywords: G-layer, lignification, maturation stress generation, ontogeny, Simarouba 

amara Aubl., tension wood cell wall, tree biomechanics 

 

Introduction 
One of the challenges for tree development is to grow vertically towards the light. During 

this growth, trees are submitted to the double challenge of gravity and external disturbances 

such as wind (Fournier et al. 2013). Trees must therefore have  a structure strong enough 5 
to avoid buckling under their own weight (Jaouen et al. 2007), but that can also recover 

after a disturbance (Alméras and Fournier 2009). So, throughout their life, trees need to 

correct their posture through imperceptible movements, which enable them to remain 

upright.  
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In angiosperms, this reaction is performed through the differentiation of a special kind of 

wood, named “tension wood” (Archer 1986), and is often accompanied by an eccentric 

growth. Tension wood is a peculiar wood tissue, that is under tensile stress, and that is 

formed in the upper side of leaning trunks and branches. Its tensile stress is a consequence 

of a strong trend to shrink at the time of its maturation (Archer 1986), and this is therefore 5 
named “maturation stress”. When tension wood is formed on one side of the trunk or 

branch, it acts as an internal guy-wire enabling the axis to bend actively.  

At the anatomical level, the typical model of tension wood in most temperate species is the 

development of a “gelatinous layer” or a G-layer in the fibre wall. This layer comes to 

replace the S3 layer and part or all of the S2 layer (Dadswell and Wardrop 1955, Gorshkova 10 

et al. 2010). The G-layer has been studied extensively in poplar models (e.g. Jourez et al. 

2003, Clair et al. 2006a, Coutand et al. 2007, Fang et al. 2007, Fang et al. 2008a, Fang et 

al. 2008b, Clair et al. 2011, Yoshinaga et al. 2012, Chang et al. 2014, Coutand et al. 2014, 

Abedini et al. 2015, Chang et al. 2015). The G-layer is described as being exempt from 

lignin (Pilate et al. 2004, Yoshinaga et al. 2012) and containing cellulose microfibrils nearly 15 
parallel to the fibres’ axis. It has the texture of a gel, with mesopores ranging from 2 to 

50 nm (Clair et al. 2008), and the matrix is made of numerous specific polysaccharides 

(Mikshina et al. 2013). It has been shown that the G-layer is the driving force of maturation 

stress (Yoshida et al. 2002, Yamamoto et al. 2005, Fang et al. 2008a), which involves the 

swelling of the mesoporous matrix (Chang et al. 2015) and the generation of tensile stress 20 

in the cellulosic network (Clair et al. 2011). 

However, when observing the diversity of tropical rain forest species, the unlignified G-

layer is not commonly observed in tension wood. Indeed, more than half of species do not 

develop this unlignified layer (Onaka 1949, Fisher and Stevenson 1981, Clair et al. 2006b). 

Lignified tension wood (known for the absence of a G-layer) was shown to produce lower 25 
maturation stress than G-layer tension wood when comparing Liriodendron tulipifera with 

Prunus spachiana (Yoshida et al. 2000b). However, no such trend was observable in 

comparisons between a larger number of species (Clair et al. 2006b).   

In these species, the tension wood fibre wall was reported to be lignified, but with a 

cellulose microfibril angle smaller than that in the opposite wood, i.e. as in species 30 
producing a G-layer (Yoshida et al. 2000b, Clair et al. 2006b, Ruelle 2006, Ruelle et al. 

2006, Ruelle et al. 2007b). Ruelle (2006) showed that Simarouba amara’s tension wood 

structure is indistinguishable from normal wood with an optical microscope, and that strong 

differences between tension wood and normal wood are only visible at the scale of the 

cellulose microfibrils. He showed that the microfibril angle is nearly parallel to the fibre 35 
axis in the inner layer of tension wood, and the crystallite size is higher than in the opposite 

wood, i.e. as in typical G-layer species. The lignin content was found to be almost the same 

in the tension and normal wood of S. amara. 

Following Ruelle's works (2006, 2007a, 2007b), we chose S. amara as a model for species 

producing lignified tension wood without a G-layer. Special attention was paid to the fibre 40 
maturation stage, which is recognized to be the stage at which tensile stress is generated in 

G-layer species trees. 

This study describes the fibre wall maturation in the tension wood of S. amara, and 

attempts to elucidate the maturation stress generation mechanism in a non G-layer species. 
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Material and methods 
As a preliminary test showed that the anatomy of tension wood presented some strong 

modifications with ontogeny, experiments were conducted on trees from one year old to 

80 cm diameter (estimated to be from 50 to 80 years old). Depending on the tree diameter, 

three different protocols were needed for the induction of tension wood. Sampling was 5 
therefore divided into three groups, corresponding to the growth condition and the type of 

mechanical disturbance. 

Plant material 

Seedlings staked in the greenhouse 

Seedlings of Simarouba amara Aubl. were collected from forests, one and two years prior 10 
to the start of the experiment and were cultivated in a greenhouse. The two-year-old 

seedlings were collected in the forest of the agronomic campus in Kourou (French Guiana); 

while, the one-year-old seedlings were collected near the Paracou forest research station 

(50 km from Kourou). At the beginning of the experiment, 50 seedlings (2 ages × 5 angles 

× 5 replicates) were transplanted in bigger pots. They were then staked and artificially tilted 15 
at five angles from vertical: 0° (used as the control), 20°, 40°, 60° and 80° to induce an 

increasing gravitational stimulus (Fig. 1). The pole fastening enables a controlled 

gravitational stimulus constant in time and uniform in space to be maintained (Coutand et 

al. 2014). The trees were tilted on 18/12/2013 and were sampled at regular intervals 

between 60 and 120 days after tilting. This sampling enables observation of the tension 20 
wood development at different stages of maturation. The diameters at 15 cm from the 

ground ranged from 0.4 to 1.0 cm at the beginning of the experiment and reached 0.5 to 

1.3 cm at the sampling dates. Ten of the seedlings had not grown enough at the sampling 

date (or were dead) to allow the study of the maturation process and thus were not taken 

into account in the following analysis.  25 

Saplings guyed in the forest  

Twelve saplings of S. amara, with diameters at 50 cm from the ground ranging from 1.4 to 

6.6 cm, were selected in a natural forest. As these trees are larger than those cultivated in 

the greenhouse they were therefore presumed older. Unfortunately, as with numerous 

tropical species, S. amara does not produce annual rings and it is therefore not possible to 30 
estimate tree age from the growth rings. Ranking between trees is therefore determined by 

their diameter. These trees were artificially tilted but were not staked (Fig. 1). They were 

guyed with an angle of approximately 40°. Here, the stimulus was not controlled. The 

saplings were artificially bent on 9/01/2013, during the rainy season, and were sampled 

two months after the bending. 35 

Adult trees naturally tilted in the forest 

Achieving an artificial lean angle is almost impossible with bigger trees, so eleven naturally 

tilted S. amara were selected to represent adult trees. These trees ranged from 7.5 to 80 cm 

diameter at 130 cm from the ground (Fig. 1). Special attention was paid to avoid trees that 

may have been tilted recently (near gaps, broken branches) to ensure a long time of 40 
reaction. These trees were sampled without additional delay, assuming that the tension 

wood formation had already started, at least, several years before.  

Both saplings and adult trees were sampled partly in the agronomic campus and partly near 

the Paracou forest research station. 
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Methods of measurements 

Diameter measurements 

Seedlings’ diameters were measured with calipers before tilting. This measurement enables 

the estimation a posteriori of the position of the cambium at the tilting date on transverse 

sections after estimating the bark thickness. This measurement was expected to be 5 

necessary in case the tension wood could not be distinguished from normal wood as 

reported for S. amara. The forest trees’ diameters were measured with a tape-measure. 

For the seedlings and saplings, the trees were cut down and a disc was sampled. For the 

adult trees, sampling was performed by coring (1 cm diameter) (Fig. 1). 

Cross-sections 10 
Semi-thin cross-sections (20 µm thick) were realized with a sliding microtome. For 

seedlings, the cross-sections were performed on the whole disc at 15 cm from the ground. 

For the saplings and adult trees, only peripheral wood was examined at 50 cm and 130 cm 

from the ground, respectively (Fig. 1).  

A sub-sample was dehydrated (without prior fixation) with ethanol series and embedded in 15 
LR White resin (two exchanges of resin/ethanol mixture for 1 h, followed by two 

exchanges in pure resin for 1 h and kept overnight at room temperature, then polymerised 

at 65°C overnight). Thin transverse sections (2 µm thick) were performed with a rotary 

microtome and diamond knife. 

Staining and observations 20 
Semi-thin cross-sections were double-stained with Safranin and Alcian blue 8GX. Safranin 

stains lignified tissues in red and Alcian blue stains unlignified tissues (i.e. the G-layer) in 

blue. The observations were performed in bright field. 

Thin cross-sections were kept unstained. The observations were performed both with bright 

field and with UV light microscopy. For UV microscopy, light was generated with a 25 
Mercury lamp (USH102D USHIO) and the microscope (Olympus BX2) was equipped with 

Fluorescence Filter Cubes U-MNU2 (Excitation filter: 360–370 nm, Dichromatic mirror: 

400 nm, Emission filter: 420 nm). UV light highlights the lignified cell-wall layers as a 

result of lignin autofluorescence (Lundquist et al. 1978, Albinssona et al. 1999 , Radotic et 

al. 2006), while the unlignified walls remain dark. In order to highlight the changes in 30 
lignin content within a section, a semi-quantitative estimation of the lignin content was 

performed by recording the mean brightness of several manually contoured G-layer. This 

comparison is possible within a section but cannot be done from section to section as it 

would require a perfect control of the thickness of the sections. Cell-wall thickness 

Double fibre wall thicknesses (from lumen to lumen) were measured manually from images 35 

using ImageJ software (Schneider et al. 2012) on both thick and thin transverse sections. 

The fibre wall thickness was computed as half of the double wall thickness. Embedding 

the sample before performing thin sections avoids the swelling of the G-layer, as described 

by (Clair et al. 2005a). The swelling effect is an artefact occurring on non-embedded 

transverse section, resulting from the conjugate effect of the high tensile stress level, the 40 
absence of the reinforcing S3 layer and the low transverse cohesion in the G-layer due to 

the absence of lignin. It results in an overestimation of the thickness of the G-layer. 

Comparison of the measurements of embedded and non-embedded cross-sections allows 

one to quantify the swelling effect. 
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Raw data of the cell-wall thicknesses were smoothed for a more visual representation with 

the msir package (Scrucca 2011) for R software (2013). Local trends and their standard 

deviations were computed using a nonparametric estimation of the mean function. 

Results 
Identification of tension wood  5 

The wood formed before and after the date of inclination was easily identified in the cross-

sections from the seedlings and disks from the saplings. In cross-sections made from 

seedlings, the wood formed before tilting was recognized from its circular shape centred 

on the pith. After tilting, the higher growth rate of the upper side (tension wood) compared 

to the lower side of the tilted stem leads to a well-defined and easily recognizable crescent 10 
shape in the newly formed wood. On the tension wood side, fibre walls produced after 

tilting are nearly twice as thick as those produced before tilting. This tilting position was 

confirmed with caliper measurements.  

The presence of tension wood was also confirmed from a mechanical point of view. When 

the stake was released at the end of the experiment, the seedlings sprang upward. Yoshida 15 
et al. (2000b) named this as the “spring-back” phenomenon. It is induced by the release of 

the growth stress that has been built up during the growing period and confirms the high 

tensile stress generation in the upper side of the stem.  

In saplings, observations were made on the whole disc and clear crescents were observed 

in the newly formed wood on the upper side of the tilted stem. On the lower side, the limit 20 
was not distinguishable as the growth was much slower. These observations confirm that 

the protocol efficiently stressed the trees and that the trees reacted by forming tension 

wood, as characterized by the higher growth rate.  

The adult trees were not felled and so eccentric growth was not observable; however, the 

higher activity of the cambium on the tension wood side was confirmed a posteriori on 25 

anatomical sections. 

The identification of tension wood was also confirmed by the lower vessel frequency in 

the tension wood compared to the opposite wood in each of the ontogenic stages (See 

Supplementary material, Fig. S1). 
 30 

Ontogenic variation of the tension wood cell-wall  

Observation of the stained sections of the seedlings did not evidenced any trend between 

tension wood severity (differences in the cell wall thickness or changes in growth 

eccentricity) and the inclination angles. This would indicate that the reaction of the trees 

were already maximal for a tilting angle of 20° as already shown by Yoshida et al. (2000b) 35 
in Liriodendron tulipifera and Prunus spachiana. Thereby, all of the seedlings, regardless 

of the angle of inclination, produced a thick swollen unlignified layer, which looked like a 

typical G-layer in the vicinity of the cambium. This layer was stained in blue with 

Safranin/Alcian blue. The cell walls were thick and presented all the characteristic patterns 

of a G-layer, such as a weak adhesion to the previous layer and an irregular shape on the 40 

lumen side (Fig. 2b and 2c1).  

Among the saplings, the six saplings with the smallest diameters also produced a thick G-

layer like that observed in the seedlings.  
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The other five larger saplings, together with the naturally tilted adult trees, also presented 

an unlignified cell-wall layer in the tension wood up to around 1 mm from the cambium; 

whereas in the opposite wood, this distance was around 0.1 mm. However, the unlignified 

layer was not thick but was characterized by a torn-apart aspect of the inner layer (Fig. 3c1 

and 4c1) like in the non-mature cell-wall layer of seedlings. The torn-apart aspect was not 5 
visible on sections prepared on embedded wood blocks. Observations with bright field 

microscopy of embedded wood sections (Fig. 3e1 and 4e1) showed a distinct and well-

defined wall layer. The torn-apart aspect is therefore an artefact, consequence of damages 

during the preparation of the non-embedded samples, similar to what is observed in mature 

G-layer (Clair et al. 2005a, Clair et al. 2005b).  10 

Following these observations, we distinguished two main types of tension wood cell wall 

near the cambium depending on the ontogenic stage: (i) a thick G-layer in seedlings and 

young saplings and (ii) a thin G-layer in older saplings and adult trees. 

Effect of the duration of development on the lignification of the cell wall 

Normal wood and opposite wood 15 
Normal wood was observed in seedlings maintained in an upright position (0°) and in the 

opposite side of saplings and adult trees. Observations of semi-thin sections after the 

double-stain provided evidence of the lower growth rate in normal/opposite wood 

compared to tension wood. 

Observations on the thin cross-sections in bright field and under UV light indicate that 20 
lignification occurs all along the cell wall thickening (see Supplementary material, Fig. 

S2).  

Tension wood in tilted seedlings 

In the seedlings sampled 60 days after tilting, a G-layer was observed in double-staining in 

the whole portion of wood produced after tilting, up to the normal wood formed before 25 

tilting (see Supplementary material, Fig. S3). In the seedlings sampled later than 60 days 

after tilting, a transition zone occurred between the G-layers and normal wood with reddish 

thick fibres (Fig. 2c2). In this zone, fibres look neither like normal wood nor like the G-

layer (Fig. 2b, 2c2 and 2c3). From cambium to normal wood, four stages can be 

distinguished: (i) fibre wall thickening; (ii) wood with a thick G-layer; (iii) a reddish area 30 

of unknown cell type; and (iv) normal wood (Fig. 2). 

Observations with UV light (Fig. 2d) confirmed the previous results. The comparison of 

the same fibres in bright field (Fig. 2e) and under UV (Fig. 2d) clearly revealed that the 

thick G-layer did not emit any fluorescence signal, confirming the absence of lignin in this 

layer. In these fibres, middle lamella and cell corners already showed a strong lignin signal. 35 
In the transition zone, the fluorescence signal increased with the increasing lignin content 

of the G-layer. It can be noticed that the lignin content in the transition zone did not reach 

the level observed in normal wood cell-walls. 

Tension wood fibres are also characterized by the absence of a distinct S2 layer in the 

outside of the G-layer. The observation methods used in this study do not allow us to draw 40 

conclusions about the presence of the S1 layer. 

Figure 2a shows the double fibre cell wall thickness as a function of the distance from the 

cambium measured in a seedling. The measurements were performed both on semi-thin 

cross-sections (20 µm) and on thin cross-sections embedded in resin (2 µm) sampled from 
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the same wood block. The distance between the two different cross-sections did not exceed 

1 or 2 mm along the fibre direction. 

Measurements performed on the embedded sample afforded the distinction of three stages 

from cambium to mature wood: (i) cell wall thickening up to ca 500 µm from the cambium; 

(ii) tension wood fibres with nearly constant thickness (2.5 ± 0.5 µm) up to ca 1500 µm 5 

from the cambium (this area includes fibres with a thick G-layer and the transition zone 

with reddish fibres); and (iii) normal wood with a constant cell-wall thickness (1.5 ± 0.4 

µm) but approximately 40% thinner than in tension wood .  

Measurements performed on a non-embedded wood block showed similar cell-wall 

thickening near the cambium, but this increase continued up to 1000 µm, reaching nearly 10 
twice the thickness measured on the embedded samples in the same area (4.8 ± 0.8 µm). 

This increasing thickness stopped when cell wall lignification starts, and then decreased up 

to the transition with normal wood. In normal wood, the thickness remained constant and 

equivalent to the thickness measured on the embedded samples (1.7 ± 0.3 µm). 

Saplings with a thick G-layer 15 
Saplings with a G-layer presented the same pattern in tension wood as seedlings. The late 

lignification of the G-layer was even better characterized in double-staining as no trace of 

Alcian Blue remained at the end of the lignification, contrary to the seedlings, where the 

reddish area keeps a trace of Alcian blue (Fig. 2c3). 

Saplings without a thick G-layer 20 
For the bigger saplings, a similar pattern as trees with a thick G-layer was observed in 

double-staining, but the classical thick G-layer pattern was not visible. The inner 

unlignified layer was neither thick nor swollen. Hence, we could also distinguish four 

stages: (i) fibre wall thickening; (ii) unlignified fibres; (iii) reddish fibres of lignified fibres; 

and (iv) normal wood (Fig. 3b).  25 

Thickness measurements performed on the embedded samples show three stages (Fig. 3a) 

from cambium to mature wood: (i) cell wall thickening up to ca 900 µm from cambium; 

(ii) tension wood fibres with nearly constant thickness (2.2 ± 0.3 µm) up to ca 2 mm from 

the cambium (this area includes fibres with a thick G-layer and a transition zone with 

reddish fibres); and (iii) normal wood with a constant cell wall thickness (1.6 ± 0.3 µm), 30 
but approximately 25% thinner than in tension wood. The difference between normal wood 

and tension wood is smaller than for the seedlings. 

The thin inner layer (noticed as torn on the semi-thin cross-section) did not emit a UV 

fluorescence signal all along its thickening. The lignification occurred only after the cell 

walls reached their final thickness (Fig. 3a, 3c and 3d). This phenomenon was also 35 
observed in seedlings and saplings with the late lignification of the thick G-layer, contrary 

to normal wood, where the lignification of the secondary wall occurs all along the wall 

thickening. 

Adult trees 

In adult trees, normal wood is not expected to be observable on the sections made on the 40 
upper side of the tree. Indeed, the trees chosen for the tests had been tilted for a long time 

and normal wood was not expected to be present in the first centimetre. The number of 

cells remaining blue after the cambium appeared much higher than in the opposite wood 

(40 vs ca 10 cells), indicating a higher growth rate or a longer maturation process. The torn-
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apart aspect of the inner layer disappeared when the cell wall was lignified (Fig 4b3 and 

4b4).  

Fibre wall thickness measurements performed on embedded samples allowed us to 

distinguish only two stages (Fig. 4a) from the cambium to mature wood: (i) cell wall 

thickening up to ca 800 µm from cambium; (ii) tension wood fibres with nearly constant 5 

thickness (1.7 ± 0.3 µm).  

In adult trees, as in the largest saplings, the thin inner G-layer (also noticed as torn on the 

semi-thin cross-sections) did not emit any fluorescence signal along the length of its 

thickening. The lignification occurred only after the cell walls had reached their final 

thickness (Fig. 4a and 4c).  10 

In adult trees, in mature wood far from the cambium, fibres with a G-layer pattern were not 

observed and no difference could be found at the anatomical level between tension wood 

and normal wood, except for a slight difference in wall thickness, as reported by Ruelle 

(2006).  

Figure 5 summarises the patterns of the fibre wall thickness observed in tension wood at 15 

the three ontogenic stages and in the normal wood of an upright seedling. 

Discussion 

Simarouba produces a G-layer that is lignified at a late stage during the maturation 

process  

Previous reports revealed S. amara to be a model for species forming tension wood without 20 

a G-layer. The secondary wall layer described in the results has all the common 

characteristics of a G-layer. It is unlignified, thick and is prone to swell during sectioning. 

Therefore, these results show the ability of this species to produce a G-layer. No distinct 

S2 layer was observed using bright field microscopy, suggesting that the cell-wall structure 

corresponds to the model S1 + G reported by Dadswell and Wardrop (1955). The presence 25 
of a G-layer and its thickness appears not to depend on the stimulus intensity in the range 

of the tested angles.  

In the seedling and small saplings of the sample, the G-layer is thick and presents all of the 

common anatomical features of G-layers from species such as poplar. When trees were 

maintained tilted for a long enough time, observations showed that maturation of the G-30 
layer continues up to its lignification. This result is attested by the observations of lignin 

autofluorescence under UV light. Fibre wall thickness measurements on the resin-

embedded cross-sections show that the G-layers had already reached their final thickness 

before the lignification starts. Measurements on the semi-thin cross-sections without 

embedding showed a much thicker cell wall of the G-layer before lignification. This 35 
overestimation on the non-embedded samples was already described for the G-layer in 

poplar tension wood and named the “swelling effect” or “border effect” (Clair et al. 2005a). 

It is attributed to: (i) the high longitudinal tensile stress in the G-layer generating large 

transverse strains when the stress is released by cutting and (ii) the absence of 

reinforcement of the cellulose network by lignin in the unlignified G-layer. When fibres 40 
begin to be lignified, the wall is reinforced transversally and the swelling effect is less 

marked, and so disappears when the fibre walls are fully lignified. In normal wood, no 

significant difference in the cell wall thickness could be measured between the embedded 

and non-embedded wood sections. 
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Both with embedded and non-embedded samples and with both seedlings and small 

saplings, a mature lignified tension wood was observed with a thicker fibre wall than in 

normal wood. 

In older saplings, the wall thickness is much thinner and the observation is consequently 

less obvious. However, we showed that a G-layer can also be observed with a similar 5 

pattern as observed in seedlings based on three arguments: (i) in the early stage of 

development, tension wood is highly sensitive to cutting artefacts that produce its torn-

apart aspect on non-embedded wood blocks, exactly as in seedlings and saplings, (ii) at this 

stage, the tension wood secondary wall layer is unlignified, as attested by UV microscopy, 

and (iii) the lignification of the G-layer starts after the end of its thickening, as in seedlings 10 

and saplings. On the contrary, in normal wood, the lignification occurs all along the wall 

thickening, as classically reported in the literature (Takabe et al. 1981, in Yoshida et al. 

2000a, Grünwald et al. 2002, Zhong and Ye 2015). After lignification of the G-layer, the 

wall is reinforced and never appears torn apart.  

In adult trees, there is no significant difference in thickness between tension wood and 15 

normal wood cell wall thickness, as reported by Ruelle (2006). However, we still found 

three other aspects of a G-layer that are also found in seedlings: (i) tension wood highly 

sensitive to cutting artefacts (ii) an unlignified secondary wall layer, and (iii) lignification, 

which starts after the end of the wall thickening. 

The G-layer in S. amara is therefore a temporary stage of the cell wall, which occurs during 20 

the maturation and is later masked by lignification. Non-G-layer species differ from G-

layer species by the absence of mesoporosity (Chang et al. 2009). Our observations are 

consistent with the assumption that lignin fills the mesopores of the G-layer. 

This late lignification would indicate that a functional process occurs during the cell 

maturation in its G-layer form and needs to be completed before lignification. This process 25 

may presumably be linked to the maturation stress generation.   

Tension wood cell-wall thickness change during ontogeny 

The tension wood fibre wall is around 1.5-times thicker than normal wood cell-wall in the 

seedling stage. This decreases to 1.3-times in the sapling stage and ends with a thickness 

similar to normal wood in old trees. It could be suspected that the change in cell wall 30 
thickness is the result of a change of mechanical stimulus which is not controlled in our 

experiment. Mechanical stimulus has been shown to be trigged by both the local inclination 

and the local stress (Coutand et al. 2014). In our experiment, saplings were tilted with an 

angle larger than some of the seedlings and the stress applied during the guying of the 

sapling is much higher than in tilted stacked seedling, therefore stimulus is in both cases 35 
higher in saplings than seedling. Even so, the seedlings produced a thicker cell wall than 

the saplings in tension wood. We therefore conclude that change in thickness is related to 

ontogenetic stage. 

After completing the maturation of tension wood fibres, no differences can be observed at 

the anatomical level between tension wood and normal wood in adult trees. Only at a finer 40 
scale do some traces of its past as a G-layer remain visible: Ruelle et al. (2007b) reported 

that the orientation of cellulose microfibrils is nearly parallel to the fibre axis in S. amara 

tension wood, as commonly observed in the G-layer, and that the crystallites sizes are also 

significantly higher in tension wood, as in Eperua falcata, a species producing a G-layer. 
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At the anatomical level in adult trees, the only parameter allowing one to distinguish 

tension wood is the kinetics of the maturation process, which is clearly different than in 

normal wood. In normal wood fibres, lignification occurs simultaneously with the fibre 

wall thickening, whereas in tension wood, maturation appears to take much longer and it 

can be clearly observed that lignification of the secondary wall (G-layer) starts after the 5 

end of the fibre wall thickening.  

The effect of ontogeny on the wall thicknesses was also evidenced by the observation of 

both patterns in a single naturally tilted sapling tree. In this individual, a crescent of tension 

wood was recognizable near the pith, characterized by thick lignified cell walls, whereas 

far from the pith, the presence of tension wood was confirmed by the eccentric growth, but 10 

no significant difference in thickness was recorded with the opposite wood. 

Generalization to other “non-G-layer” species 

The generalisation of these observations to all species known to produce tension wood 

without a G-layer may be questionable. In previous studies reporting on the diversity of 

tension wood (Onaka 1949, Fisher and Stevenson 1981, Clair et al. 2006b), more than 50% 15 

of species were described as being without a G-layer. In these studies, only mature wood 

was studied, and probably only on adult trees. It is therefore probable that the unlignified 

wall occurring before the end of the maturation process was not evidenced.  

In the literature, the presence of traces of lignin in G-layer has been several times reported 

(see review by Fagerstedt et al. 2014) however these studies did not evidenced that non-G-20 

layer species may be the result of the lignification of the G-layer as these studies did not 

followed the maturation process of the tension wood cell wall. 

It is interesting to note that in a study on seedlings of Liriodendron tulipifera Linn., a 

species that does not produce a G-layer in tension wood, Yoshida et al. (2000b) did not 

observe an unlignified G-layer. If the pattern is common to S. amara seedlings, a thick 25 

unlignified G-layer may have been visible near the cambial zone. Unfortunately, for the 

need in their experimental set-up, the authors removed ‘the smooth outer surface of the 

secondary xylem’, including the ‘cambial zone, and differentiating xylem’, thus they were 

not able to observe these stages.  

In order to support the generalization of our results with respect to more species, additional 30 
sampling was performed in a tropical rain forest (French Guyana). Naturally tilted 

seedlings were sampled and observed after double-staining with Safranin/Alcian blue. In 

several species, tension wood exhibited fibres with a G-layer at the vicinity of the cambium, 

which was later lignified during the maturation process (see Supplementary material, Fig. 

S4). Therefore, preliminary observations could lead to the conclusion that the lignification 35 
of the G-layer is a mechanism shared by other species. However, the question of the 

generalisation to all species still classified as non-G-layer species remains open and will 

need specific large-scale studies in the future. 

A common mechanism in tension wood with an unlignified and lignified G-layer 

Tensile maturation stress is generated by the trees to counter the gravitational stress 40 
(naturally occurring or experimentally induced). Up to now, all research about the 

generation of maturation stresses in tension wood has focused on G-layer species, with 

poplar as a model plant. Numerous observations have proven the involvement of the G-

layer to produce stress in these species. It was also shown that maturation stress generation 

takes place during the development of this G-layer, as observed in poplar wood (Clair et 45 
al. 2011). Several mechanistic models have therefore been proposed (Mellerowicz et al. 
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2008, Alméras et al. 2012, Mikshina et al. 2013, Fournier et al. 2014, Chang et al. 2015), 

and all of them consider the G-layer as the driving force of maturation stress generation. 

The question of the absence of a G-layer in some species and therefore the mechanism of 

the generation of stress in these species has been totally ignored. This present study has 

proved that in S. amara, a G-layer is also formed specifically in tension wood. It can 5 
therefore be hypothesized that a common mechanism would be involved in other non-G-

layer species. However, most studies insist on the role of specific polysaccarids of the G-

layer in stress generation. It will therefore be necessary to identify if the polysaccarids from 

S. amara's G-layer are the same as those in an unlignified G-layer, such as in poplar. If so, 

it will be very interesting to understand how trees are able to reprogram the cellular 10 
machinery of cell wall synthesis, in order to delay the lignification process in S. amara or 

even entirely suppress it in G-layer species. 

Considering that the stress generation is achieved within the unlignified stage, a second 

process involving lignification would then start. No evidence can be given that the 

lignification does not contributes to the tensile stress generation. However, the few studies 15 
where maturation stresses were measured on species with and without G-layer did not 

evidenced a higher level of maturation stresses in non-G-layer species (Yoshida et al. 

2000b, Alméras et al. 2005, Clair et al. 2006b, Ruelle et al. 2007a). To give a clear answer 

to this question, a measurement of the strain of cellulose microfibrils during the 

lignification of the cell wall in an experiment similar to what was done on poplar (Clair et 20 
al. 2011) would be required. If lignification do not contribute to the stress generation; it 

would rather be dedicated to another function, like in normal wood, such as the 

reinforcement of the wall in the transverse direction or protection of the wall against 

pathogens. We will need to clarify the function of the late lignification for the tree, 

examining which trade-offs become possible thanks to this late lignification to justify its 25 

higher construction costs to the species. 

This study allowed a new step in understanding the mechanism of maturation stress 

generation of non-G-layer species. However, there still remain some questions, especially 

concerning the steep change in the G-layer thickness from the seedling to the adult tree. 

Does this change express the mark of an ancestral character as noticed in other organs such 30 
as leaves that can be deeply modified from seedling to adult plant? Or is it an adaptation to 

the new needs of the plant, for mechanical support or conduction that changes during 

ontogeny? These questions remain. 

Acknowledgements 
The authors wish to thank Jacques Beauchêne and Tancrède Alméras for our valuable 35 

discussions, Julien Engel for the botanical identification of the species presented in Fig. S4.  

Funding 
This work was performed under the framework of the project “StressInTrees” funded by 

the French National Research Agency (ANR-12-BS09-0004). EcoFoG benefits from an 

“Investissements d’Avenir” grant managed by the French National Research Agency 40 

(CEBA, ref. ANR-10-LABX-25-01). 

References 
Abedini R, Clair B, Pourtahmasi K, Laurans F, Arnould O (2015) Cell wall thickening in 

developing tension wood of artificially bent poplar trees. IAWA J. 36:44-57. 



12 

 

Albinssona B, Shiming Lib S, Lundquistb K, Stombergc R (1999) The origin of lignin 

fluorescence. J Mol Struct. 508:19-27. 

Alméras T, Fournier M (2009) Biomechanical design and long-term stability of trees: 

Morphological and wood traits involved in the balance between weight increase and the 

gravitropic reaction. J Theor Biol. 256:370-381. 5 

Alméras T, Gril J, Clair B. 2012. The origin of maturation stress in tension wood: using a 

wide range of observations and mechanical considerations to discriminate between 

hypothetic mechanisms. In 7th plant biomechanics international conference Eds. Moulia 

B, Fournier M, Clermont-Ferrand, France, p 258. 

Alméras T, Thibaut A, Gril J (2005) Effect of circumferential heterogeneity of wood 10 
maturation strain, modulus of elasticity and radial growth on the regulation of stem 

orientation in trees. Trees. 19:457-467. 

Archer RR (1986) Growth stresses and strains in trees. Springer Verlag, 

Berlin/Heidelberg/New York. 

Chang SS, Clair B, Ruelle J, Beauchene J, Di Renzo F, Quignard F, Zhao GJ, Yamamoto 15 

H, Gril J (2009) Mesoporosity as a new parameter for understanding tension stress 

generation in trees. J Exp Bot. 60:3023-30. 

Chang SS, Quignard F, Almeras T, Clair B (2015) Mesoporosity changes from cambium 

to mature tension wood: a new step toward the understanding of maturation stress 

generation in trees. New Phytol. 205:1277-87. 20 

Chang SS, Salmen L, Olsson AM, Clair B (2014) Deposition and organisation of cell wall 

polymers during maturation of poplar tension wood by FTIR microspectroscopy. Planta. 

239:243-54. 

Clair B, Almeras T, Pilate G, Jullien D, Sugiyama J, Riekel C (2011) Maturation stress 

generation in poplar tension wood studied by synchrotron radiation microdiffraction. Plant 25 

Physiol. 155:562-70. 

Clair B, Alméras T, Yamamoto H, Okuyama T, Sugiyama J (2006a) Mechanical behavior 

of cellulose microfibrils in tension wood, in relation with maturation stress generation. 

Biophys J. 91:1128-1137. 

Clair B, Gril J, Baba K, Thibaut B, Sugiyama J (2005a) Precautions for the structural 30 

analysis of the gelatinous layer in tension wood. IAWA J. 26:189-195. 

Clair B, Gril J, Di Renzo F, Yamamoto H, Quignard F (2008) Characterization of a gel in 

the cell wall to elucidate the paradoxical shrinkage of tension wood. Biomacromol. 9:494-

498. 

Clair B, Ruelle J, Beauchêne J, Prévost M-F, Fournier Djimbi M (2006b) Tension wood 35 
and opposite wood in 21 tropical rain forest species. 1. Occurrence and efficiency of the 

G-layer. IAWA J. 27:329-338. 

Clair B, Thibaut B, Sugiyama J (2005b) On the detachment of the gelatinous layer in 

tension wood fibre. J Wood Sci. 51:218-221. 



13 

 

Coutand C, Fournier M, Moulia B (2007) The gravitropic response of poplar trunks: key 

roles of prestressed wood regulation and the relative kinetics of cambial growth versus 

wood maturation. Plant Physiol. 144:1166-1180. 

Coutand C, Pot G, Badel E (2014) Mechanosensing is involved in the regulation of 

autostress levels in tension wood. Trees. 28:687-697. 5 

Dadswell HE, Wardrop AB (1955) The structure and properties of tension wood. 

Holzforschung. 9:97-104. 

Fagerstedt KV, Mellerowicz E, Gorshkova T, Ruel K, Joseleau J-P (2014) Cell wall 

polymers in reaction wood. In: Gardiner B, Barnett J, Saranpää P, Gril J (eds) The biology 

of reaction wood. Springer, Berlin, Germany, pp 37-106. 10 

Fang C-H, Clair B, Gril J, Alméras T (2007) Transverse shrinkage in G-fibers as a function 

of cell wall layering and growth strain. Wood Sci Technol. 41:659-671. 

Fang C-H, Clair B, Gril J, Liu S-Q (2008a) Growth stresses are highly controlled by the 

amount of G-layer in poplar tension wood. IAWA J. 29:237-246. 

Fang C-H, Guibal D, Clair B, Gril J, Lu Y-M, Liu S-Q (2008b) Relationships between 15 

growth stress and wood properties in poplar I-69 (Populus deltoides Bartr. cv. "Lux" ex I-

69/55). Ann For Sci. 65:307 p1 à 307 p 9. 

Fisher JB, Stevenson JW (1981) Occurence of reaction wood in branches of dicotyledons 

and its role in tree architecture. Bot Gaz. 142:82-95. 

Fournier M, Alméras T, Clair B, Gril J (2014) Biomechanical action and biological 20 
functions. In: Gardiner B, Barnett J, Saranpää P, Gril J (eds) The biology of reaction wood. 

Springer, Berlin, Germany, pp 139-170. 

Fournier M, Dlouha J, Jaouen G, Almeras T (2013) Integrative biomechanics for tree 

ecology: beyond wood density and strength. J Exp Bot. 64:4793-815. 

Gorshkova T, Gurjanov OP, Mikshina PV, Ibragimova NN, Mokshina NE, Salnikov VV, 25 

Ageeva MV, Amenitskii SI, Chernova TE, Chemikosova SB (2010) Specific type of 

secondary cell wall formed by plant fibers. Rus J Plant Physiol. 57:328-341. 

Grünwald C, Ruel K, Kim YS, Schmitt U (2002) On the cytochemistry of cell wall 

formation in poplar trees. Plant Biology. 4:13-21. 

Jaouen G, Alméras T, Coutand C, Fournier M (2007) How to determine sapling buckling 30 

risk with only a few measurements. Am J Bot. 94:1583-1593. 

Jourez B, Vaianopoulos C, Hébert J (2003) Effet de l'intensité d'un stimulus gravitationnel 

induit artificiellement sur la croissance et la formation du bois de tension dans de jeunes 

pousses de peuplier (Populus euramericana cv 'Ghoy'). Ann For Sci. 60:789-802. 

Lundquist K, Josefsson B, Nyquist G (1978) Analysis of lignin products by fluorescence 35 

spectroscopy. Holzforschung. 32:27-32. 

Mellerowicz EJ, Immerzeel P, Hayashi T (2008) Xyloglucan: the molecular muscle of 

trees. Ann Bot. 102:659-665. 



14 

 

Mikshina P, Chernova T, Chemikosova S, Ibragimova N, Mokshina N, Gorshkova T 

(2013) Cellulosic Fibers: Role of Matrix Polysaccharides in Structure and Function. 

Cellulose - Fundamental Aspects. 

Onaka F (1949) Studies on compression and tension wood. Wood research : bulletin of the 

Wood Research Institute Kyoto University. 1:1-88. 5 

Pilate G, Chabbert B, Cathala B, Yoshinaga A, Leplé J-C, Laurans F, Lapierre C, Ruel K 

(2004) Lignification and tension wood. C R Biologies. 327:889-901. 

R CT. R: A Language and Environment for Statistical Computing. http://www.r-

project.org/ 

Radotic K, Kalauzi A, Djikanovic D, Jeremic M, Leblanc RM, Cerovic ZG (2006) 10 

Component analysis of the fluorescence spectra of a lignin model compound. J Photochem 

Photobiol B. 83:1-10. 

Ruelle J. 2006. Analyse de la diversité du bois de tension de 3 espèces d'angiospermes de 

forêt tropicale humide de Guyane Française. Ph.D thesis, Université Antilles Guyane, 

Cayenne, p 291 p. 15 

Ruelle J, Beauchêne J, Thibaut A, Thibaut B (2007a) Comparison of physical and 

mechanical properties of tension and opposite wood from ten tropical rainforest trees from 

different species. Ann For Sci. 64:503-510. 

Ruelle J, Clair B, Beauchêne J, Prévost M-F, Fournier M (2006) Tension wood and 

opposite wood in 21 tropical rain forest species. 2. Comparison of some anatomical and 20 

ultrastructural criteria. IAWA J. 27:341-376. 

Ruelle J, Yamamoto H, Thibaut B (2007b) Growth stresses and cellulose structural 

parameters in tension and normal wood from three tropical rainforest angiosperm species. 

BioRes. 2:235-251. 

Schneider CA, Rasband WS, Eliceiri KW (2012) NIH Image to ImageJ: 25 years of image 25 

analysis. Nat Methods. 9:671-5. 

Scrucca L (2011) Model-based SIR for dimension reduction. Comput Stat Data An. 

55:3010-3026. 

Takabe K, Fujita M, Harada H, Saiki H (1981) Lignification process of Japanese black pine 

(Pinus thunbergii Parl.) tracheids. Mokuzai Gakkaishi. 27:813-820. 30 

Yamamoto H, Abe K, Arakawa Y, Okuyama T, Gril J (2005) Role of the gelatinous layer 

(G-layer) on the origin of the physical properties of the tension wood of Acer sieboldianum. 

J Wood Sci. 51:222-233. 

Yoshida M, Hosoo Y, Okuyama T (2000a) Periodicity as a factor in the generation of 

isotropic compressive growth stress between microfibrils in cell wall formation during a 35 

twenty-four hour period. Holzforschung. 54:469-473. 

Yoshida M, Ohta H, Okuyama T (2002) Tensile growth stress and lignin distribution in the 

cell walls of black locust (Robinia pseudoacacia). J Wood Sci. 48:99-105. 



15 

 

Yoshida M, Okuda T, Okuyama T (2000b) Tension wood and growth stress induced by 

artificial inclination in Liriodendron tulipifera Linn. and Prunus spachiana Kitamura f. 

ascendens Kitamura. Ann For Sci. 57:739-746. 

Yoshinaga A, Kusumoto H, Laurans F, Pilate G, Takabe K (2012) Lignification in poplar 

tension wood lignified cell wall layers. Tree Physiol. 32:1129-36. 5 

Zhong R, Ye ZH (2015) Secondary cell walls: biosynthesis, patterned deposition and 

transcriptional regulation. Plant Cell Physiol. 56:195-214.  



16 

 

Supplementary material figure legends 
 

Figure S1. Vessel frequency measured in tension wood (blue square) and in the opposite 

wood (red circles) of 19 Simarouba amara trees from seedlings to adult trees. Vessel 

frequency is plotted as a function of the distance to the pith to clarify the link with ontogeny 5 
and to evidence the lower frequency in the tension wood compared to normal wood in a 

given class of diameter. 

Figure S2. Normal wood of Simarouba amara observed in saplings maintained in an 

upright position (0°). Fibre wall thickening, microscopic observation of the semi-thin 

section after double-staining with Safranin/Alcian blue and the thin cross-sections 10 

observed under UV light indicate that lignification occurs all along the cell wall thickening. 

Figure S3. Transition from normal wood formed before tilting (right) to tension wood 

formed after tilting (left) observed in saplings of Simarouba amara tilted at 60° for 60 days. 

Double-staining with Safranin/Alcian blue. Images width: 1100 µm. 

Figure S4. Observation with bright field microscopy after double-staining with 15 

Safranin/Alcian blue of the formation of tension wood cell-wall in six species sampled on 

naturally tilted seedlings in a tropical rain forest (Piste de St Elie research station, French 

Guiana). In these species, a classical G-layer is formed and later lignified during the 

maturation process. In some species, some cells remain partly unlignified. The number of 

cells in the G-layer stage depends on the growth rate of the tree at the sampling date. Images 20 

width: 1100 µm. 

Figure Legends 
Fig. 1. Schematic representation of the biological material of Simarouba amara: staked 

saplings, guyed young trees and naturally tilted old trees. Samples have been taken at 

different positions in trees with different methods depending on tree height and diameter. 25 

Fig. 2. Synthesis of results for a two-year-old Simarouba amara seedling tilted at 40° and 

sampled after 110 days. (a) Fibre wall thickness and UV brightness of G-layers (1, 2, 3) 

and S2 layer (4) (arbitrary unit). (b) Double-staining with Safranin/Alcian blue. (c) Zoom 

on the semi-thin section observed in the bright field after double-staining with 

Safranin/Alcian blue. (d-e) Details on the thin section of the same cells observed under UV 30 
light (d) and in bright field (e).  

Fig. 3. Synthesis of the results for a 4 cm diameter Simarouba amara sapling. (a) Fibre 

wall thickness and UV brightness of G-layers (1, 2, 3) and S2 layer (4) (arbitrary unit). (b) 

Double-staining with Safranin/Alcian blue. (c) Zoom on the semi-thin section observed in 

bright field after double-staining with Safranin/Alcian blue. (d-e) Details on the thin section 35 
of the same cells observed under UV light (d) and in bright field (e). 

Fig. 4 - Synthesis of the results for an adult Simarouba amara tree 25 cm diameter. (a) 

Fibre wall thickness and UV brightness of G-layers (arbitrary unit).  (b) Double-staining 

with Safranin and Alcian blue. (c) Zoom on the semi-thin section observed in bright field 

after double-staining with Safranin/Alcian blue. (d-e) Details on the thin section of the 40 
same cells observed under UV light (d) and in bright field (e). 

Fig. 5. Schematic evolution of the process of fibre thickening and maturation during the 

ontogeny of Simarouba amara. The seedlings produce a classical thick G-layer, which is 

lignified later. The older the tree, the thinner the G-layer is. At a given stage during 

ontogeny, the G-layer becomes unrecognizable as the tension wood cell wall thickness is 45 
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similar to that of normal wood and lignification prevents the swelling effect. Simarouba 

was therefore classified as a non G-layer species. The distance to the cambium is given in 

arbitrary units and the length of the stages cannot be compared between schematics. 
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Fig. 1. Schematic representation of the biological material of Simarouba amara: staked saplings, guyed 

young trees and naturally tilted old trees. Samples have been taken at different positions in trees with 

different methods depending on tree height and diameter. 

  5 
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Fig. 2. Synthesis of results for a two-year-old Simarouba amara seedling tilted at 40° and sampled after 

110 days. (a) Fibre wall thickness and UV brightness of G-layers (1, 2, 3) and S2 layer (4) (arbitrary 

unit). (b) Double-staining with Safranin/Alcian blue. (c) Zoom on the semi-thin section observed in the 

bright field after double-staining with Safranin/Alcian blue. (d-e) Details on the thin section of the same 5 
cells observed under UV light (d) and in bright field (e).   
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Fig. 3. Synthesis of the results for a 4 cm diameter Simarouba amara sapling. (a) Fibre wall thickness 

and UV brightness of G-layers (1, 2, 3) and S2 layer (4) (arbitrary unit). (b) Double-staining with 

Safranin/Alcian blue. (c) Zoom on the semi-thin section observed in bright field after double-staining 5 
with Safranin/Alcian blue. (d-e) Details on the thin section of the same cells observed under UV light 

(d) and in bright field (e). 
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Fig. 4 - Synthesis of the results for an adult Simarouba amara tree 25 cm diameter. (a) Fibre wall 

thickness and UV brightness of G-layers (arbitrary unit). (b) Double-staining with Safranin and Alcian 

blue. (c) Zoom on the semi-thin section observed in bright field after double-staining with 

Safranin/Alcian blue. (d-e) Details on the thin section of the same cells observed under UV light (d) 5 
and in bright field (e). 
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Fig. 5 Schematic evolution of the process of fibre thickening and maturation during the ontogeny of 

Simarouba amara. The seedlings produce a classical thick G-layer, which is lignified later. The older 

the tree, the thinner the G-layer is. At a given stage during ontogeny, the G-layer becomes 

unrecognizable as the tension wood cell wall thickness is similar to that of normal wood and 5 
lignification prevents the swelling effect. Simarouba was therefore classified as a non G-layer species. 

The distance to the cambium is given in arbitrary units and the length of the stages cannot be compared 

between schematics. 

 


