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ABSTRACT

The anatomical and chemical characteristics of reaction wood (RW) were in-
vestigated in Liriodendron tulipifera Linn. Stems of seedlings were artificially 
inclined at angles of 30 (RW-30), 50 (RW-50) and 70° (RW-70) from the verti-
cal, and compared with normal wood (NW) from a vertical seedling stem. The 
smallest values for the wood fibre length and vessel number were observed 
in RW-50. The pit aperture angle was less than 10° in RW-30 and RW-50, in 
which reduced lignin content was observed in the S2 layer of the wood fibres. 
An increase in the glucose content and a decrease in the lignin and xylose con-
tent was observed in RW-50. The stem inclination angle affected the degree of 
RW development with regard to anatomical and chemical characteristics: the 
severest RW was observed in RW-50, followed by RW-30. RW-70 was similar 
in anatomical and chemical characteristics to NW, apparently because the in-
clination was too strong to enable recovery of its original position. In this case 
a vertical sprouting stem was formed to replace the inclined stem.

Keywords: Cell morphology, glucose content, lignin content, microfibril angle, 
reaction wood, xylose content, yellow poplar.

INTRODUCTION

When stems of woody plants are inclined due to environmental factors, reaction wood 
(RW) is formed in the secondary xylem in order to restore the shape of the tree (Côté 
1965; Barnett & Jeronimidis 2003). In the case of gymnosperm trees, compression 
wood forms on the lower side of the inclined stem or branch. In angiosperm trees, ten-
sion wood (TW) forms on the upper side of the inclined stem or branch. Typical TW in 
angiosperm trees has been characterized by gelatinous (G)-fibre formation. However, 
some angiosperms do not form ‘typical’ TW (Onaka 1949; Kučera & Philipson 1978; 
Meylan 1981; Yoshizawa et al. 1993a,b, 2000; Okuyama et al. 1994; Baillères et al. 
1997; Yoshida et al. 2000, 2002; Hiraiwa et al. 2007; Sultana et al. 2010; Kojima et al.  
2012; Aiso et al. 2013).
 Several reports have been published on the relationship between the degree of RW 
development and stem inclination angle in gymnosperms and angiosperms (Yoshida 
et al. 2000; Hiraiwa et al. 2007, 2013; Yamashita et al. 2007, 2009). In gymnosperms, 
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the degree of compression wood development is classified as mild or severe accord- 
ing to microscopic features such as lignification of the S2 layer, circularity of tracheids 
in transverse section, helical cavities, and intercellular spaces (Yumoto et al. 1983; 
Donaldson et al. 2004). When saplings of Cryptomeria japonica and Chamaecyparis 
obtusa were grown at different stem inclination angles (0–50° from the vertical), the 
degree of compression wood development with regard to microscopic features and 
surface growth stresses gradually changed from mild to severe up to an inclination angle 
of 20 or 30° from the vertical; however, compression wood collected from saplings 
grown with stem inclination angles of more than 20 or 30° showed an almost identical 
degree of compression wood development (Yamashita et al. 2007, 2009). In typical 
angiosperm TW containing G-fibres, Yoshida et al. (2000) examined the relationship 
between tensile growth stress or microfibril angle (MFA) in wood fibres and stem in-
clination angle in Prunus spachiana Kitamura f. ascendens Kitamura. They observed 
that tensile growth stress and MFA in wood fibres shows almost constant values at 
stem inclination angles from 20 to 60° from the vertical (Yoshida et al. 2000). Hiraiwa 
et al. (2013) examined the anatomical and chemical characteristics of TW formed at 
three different inclination angles (30, 50, and 70° from the vertical) in Trochodendron 
aralioides, a vessel-less angiosperm, and found that TW tracheids form a gelatinous 
(G)-layer. They reported that the degree of TW development varied with inclination 
angle. Thus, it appears that the stem inclination angle is closely related to the degree 
of RW development, in both anatomical and chemical characteristics.
 Onaka (1949) observed that growth eccentricity in gymnosperms and angiosperms 
is proportional to the sine of the stem inclination angle from the vertical and the largest 
extent of growth eccentricity is observed at an angle slightly less than 90°. However, 
in angiosperm trees, the extent of growth eccentricity is greatly reduced when the tree 
forms sprouting shoots from the base (Onaka 1949). Therefore, it can be speculated 
that the formation of sprouting (or sucker) shoots in inclined trees is one of the factors 
that can affect the degree of RW development in relation to anatomical and chemical 
characteristics.
 In terms of chemical components, the G-layer contains high amounts of cellulose 
and very low amounts of lignin enriched in syringyl units (Côté 1965; Timell 1969; 
Baba et al. 1996; Joseleau et al. 2004; Nishikubo et al. 2007; Lehringer et al. 2009). 
In recent years, it has been proposed that xyloglucan in TW of Populus considerably 
contributes to the generation of tensile growth stress for correcting the orientation of 
the inclined stem (Nishikubo et al. 2007; Baba et al. 2009). However, information 
available on the effect of the stem inclination angle on changes in the chemical content 
due to RW formation is limited.
 RW of Yellow Poplar (Liriodendron tulipifera L.), a species of Magnoliaceae, does 
not contain G-fibres but is similar to typical TW in other respects: radial growth is 
promoted on the upper side of inclined stems or branches, where higher tensile strength 
and smaller vessel numbers are observed (Okuyama et al. 1994; Yoshizawa et al. 2000; 
Yoshida et al. 2000, 2002; Jin & Kwon 2009). Yoshida et al. (2000) found that in  
L. tulipifera, there is relationship between the stem inclination angle and degree of 
RW development in relation to growth stress and MFA of the S2 layer in wood fibres. 
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As a result, changes in growth stress and MFA of the S2 layer are observed up to stem 
inclination angles of 20° from the vertical, followed by almost constant values from 
stem inclination angles between 20 and 60°. However, the relationships between the 
anatomical and chemical characteristics for RW formed at different stem inclination 
angles in L. tulipifera are not yet fully understood.
 In this study, in order to determine the anatomical and chemical characteristics of 
RW in L. tulipifera, the cell morphology, wood fibre structure, lignin distribution and 
chemical characteristics were investigated using seedlings artificially inclined at stem 
angles of 0, 30, 50 and 70° from the vertical. In addition, the effects of basal sprouting 
on RW development are discussed.

MATERIALS  AND  METHODS

Four 2-year-old seedlings of Liriodendron tulipifera (1.8 m in height and 1.5 cm in 
diameter at 1 m above the ground) were planted in the nursery at Utsunomiya University, 
Japan, in late April 2006. Each stem was artificially inclined at an angle of 30 (RW-30), 
50 (RW-50) and 70° (RW-70) from the vertical to form RW, and the inclination was  
maintained by fixing the stems with two posts per tree until sample collection (Fig. 1).  
One seedling with a straight stem was used to represent NW (Fig. 1). The wood sam-
ples were collected from the stem between the two fixing posts in mid November 2006.  
One-centimetre-thick discs obtained from straight and inclined stems were fixed with 
3% glutaraldehyde in phosphate buffer (pH 7.0). After washing with running tap  
water for one day, these discs were used for subsequent experiments.

Figure 1. Drawing of the stem inclinations applied. 
Stems were fixed at each inclination angle (θ = 30,  
50 and 70 from the vertical) using two fixing posts. 
The inclination was maintained until the tree form-
ed RW before cutting the stem. The arrow and ar-
rowheads indicate vertical direction and sampling 
position, respectively, of the discs used for the 
experiments. 

 To determine the eccentric growth ratio, the width of the current annual ring on the 
upper and lower sides of each inclined stem was measured.
 Fifteen-micron-thick cross sections containing the current annual ring on the upper 
side of the inclined stems were obtained using a sliding microtome (TU-213, Yama-
tokohki). Some cross sections were stained with a zinc chloride solution to confirm 
the absence of a typical G-layer in RW, according to a previously described method 
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(Hiraiwa et al. 2013). Other cross sections were stained with safranin (1% in 50% 
ethanol). The number and diameter of vessels were measured in the centre of the 
current annual ring. For measuring vessel morphology, microphotographs were taken 
at random positions using an optical microscope (BX51, Olympus) equipped with a 
digital camera (DP11, Olympus). The diameter of the radial and tangential directions 
of more than 50 vessels were measured using ImageJ software (National Institute of 
Health), and the average vessel diameter was then calculated. The number of vessels per 
1 mm2 was determined by dividing the measured number of vessels by the total area.  
Furthermore, to detect the S3 layer, unstained cross sections were observed under a 
polarising microscope (BX51, Olympus).
 Small wood sticks [1 (R) × 1 (T) × 10 (L) mm] were collected from NW and RW 
for measuring cell length. These samples were macerated with Schultz’s solution at 
70 °C for 2 hours according to a previously described method (Hiraiwa et al. 2013). 
The macerated samples were mounted in 50% glycerol. The lengths of 80 wood fibres 
and 50 vessel elements were measured using digital callipers (CD-30C, Mitutoyo) on 
a profile projector (V-12, Nikon).
 For scanning electron microscopy (SEM) observations, radial sections [5 (R) ×  
5 (T) × 1 (L) mm] containing the current annual ring of NW and RW were prepared. 
After dehydration by graded ethanol and air drying, they were coated with gold using 
an ion sputter coater (JFC-1100, JEOL). Radial surfaces were observed with an SEM 
(JSM-5200, JOEL) operated at 20 kV. The pit aperture angle to the long axis of the 
cell was measured in 30 wood fibres using recorded images, and the average angle 
was calculated. The pit aperture angle can be regarded as the microfibril angle (MFA) 
of the S2 layer (Lehringer et al. 2009).
 The visible light (VL) absorption spectra of the middle lamella at the cell corners 
and the S2 layer of wood fibres were measured using 10 µm thick cross sections after 
phloroglucinol-HCl and Mäule staining according to the method described by Hiraiwa 
et al. (2007). The absorption spectra were measured from 450 to 650 nm in wavelength 
at 5 nm steps using a microspectrophotometer (UMSP-50, Carl Zeiss; spot diameter: 
0.5 µm; band width: 5 nm). Measurements were repeated 10 times at every step for one 
point measured in the intercellular (compound middle lamella) and S2 layers of wood 
fibres. Because of the temporary nature of the colour reaction, all measurements were 
performed within 10 min of staining. The phloroglucinol-HCl reagent reacts with the 
coniferyl and sinapyl aldehyde units in lignin, producing a violet-red colour with an 
absorption maximum around 570 nm, visible using microspectrophotometric analysis 
(Lin & Dence 1992). In Mäule staining, the guaiacyl unit is stained orange-brown, while 
the syringyl unit is stained purple-red with an absorption maximum of approximately 
515 nm (Lin & Dence 1992).
 The lignin content was determined using the acetyl bromide method (Lin & Dence 
1992). Fifteen-micron-thick cross sections were extracted with an ethanol-toluene 
mixture (1 : 2, v/v) for 6 hours. The samples (5 mg) were put into a 15 mL test tube 
together with 25% (w/w) acetyl bromide in acetic acid (5 mL) containing perchloric 
acid (70%, 0.2 mL). The test tubes were placed in a block heater (MG-2200, EYLA) 
at 70 °C for 30 min. During the treatment, the test tubes were shaken gently at 10 min 
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intervals. After the treatment, the solution was transferred to a 100 mL volumetric flask 
containing 2 M sodium hydroxide (10 mL) and acetic acid (25 mL). The test tube was 
rinsed with acetic acid, and the solution was adjusted to a total volume of 100 mL by 
adding acetic acid. The UV absorbance of the sample at 280 nm was measured against 
a blank solution with a spectrophotometer (V-650, JASCO). The lignin content was 
calculated from the absorbance according to the following equation:

Lignin (%) = 100 (As-Ab) V/aW
where As and Ab = absorbance of the sample and blank, respectively at 280 nm, V = 
volume of the solution (0.012 L), a = absorptivity of lignin standard (20.091 g-1 cm-1), 
and W = weight of sample (g).
 Holocellulose was obtained from wood blocks containing the centre of the current 
annual ring, which was then hydrolysed with 72% sulphuric acid solution (w/w). The 
pH of the hydrolysed samples was adjusted from 5.5 to 6.5 by adding barium hydrox- 
ide and barium carbonate. The samples were then centrifuged at 1000 rpm (CF15R, 
Hitachi, Japan), and the supernatant was desalted through two ion exchanging resins, 
Dowex 50-X8 and Dowex 1-X8 (ACROS, USA), followed by filtration with Millex-L 
(Millipore, USA). The monosaccharides from holocellulose were determined using  
high-performance anion-exchange chromatography (DX500, Dionex, USA) equipped 
with a guard column CARBOPAC 1 (4 × 50 mm, Dionex), an analytical column CAR-
BOPAC 1 (4 × 250 mm, Dionex), and a pulsed amperometric detector (Dionex). The 
eluents of A (ultrapure water) and B (100 mM NaOH) were mixed at a ratio of A/B 
(84/16) and used at an eluent flow rate of 1 mL/min. A column oven (Model 502, 
EYELA, Japan) maintained the column temperature at 30°. Arabinose, galactose, 
glucose, and xylose were used as standards.

RESULTS  AND  DISCUSSION

Eccentric growth and wood anatomy
 After 6 months of inclination, the xylem of RW-50 showed the highest ratio of ec-
centric growth (8.7) (Table 1). The vessel element length did not change in response 
to RW formation (Table 2). In RW-30 and RW-50, the wood fibre length was signifi-
cantly shorter than that in NW (Table 2). The number of vessels in RW-30 and RW-50 
significantly decreased compared with that in NW (Table 2). Furthermore, NW and 
RW-70 showed no significant difference in vessel number, and NW and the three RWs 
showed no significant difference in vessel diameter.

MFA
 The pit aperture angles of wood fibres are shown in Table 1. The pit aperture an-
gles in the RW fibres, except RW-70, were significantly smaller than those in NW. In  
RW-30 and RW-50, the pit aperture angle of wood fibres was less than 10°. However, 
the pit aperture angle of wood fibres in RW-70 (22.7°) was almost the same as that 
in NW (22.4°). This suggests that MFA of the S2 layer in wood fibres is significantly 
decreased in RW-30 and RW-50, but not in RW-70 as a result of RW formation. In ad-
dition, observation using a polarising microscope revealed that wood fibres in all the 
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three RW samples lacked an S3 layer in the secondary wall (Fig. 2), suggesting that  
the cell wall layer structure was altered by RW formation. However, the absence of the 
S3 layer may not be related to the stem inclination angle.

Lignin distribution
 The S2 layer of the wood fibres did not stain with a zinc chloride-iodine solution  
in NW or any of the three RWs (Fig. 3), indicating the absence of a G-layer. Phloro- 
glucinol-HCl staining gave a strong violet-red colour to the vessel wall and the com-
pound middle lamella of the cell corners in NW but not to the S2 layer of the wood 
fibres (Fig. 4). Mäule staining gave an orange brown colour to the S2 layer of wood 
fibres and the compound middle lamella of the cell corners (Fig. 4). In contrast,  
both staining methods gave less coloration to the S2 layer of wood fibres in RW-30 
and RW-50 (Fig. 4). However, in RW-70, the intensity of both stains was almost the 
same as in NW (Fig. 4). These changes in the lignin content in the S2 layer and the 
middle lamellae at the cell corners were also confirmed by VL-microspectrophoto- 

Table 1. Width of current annual ring, eccentric growth ratio, and pit aperture angle in wood  
fibre.

  Stem Width of current 
Eccentric

 Pit aperture angle
  inclination annual ring (mm) 

growth
 (degree)

   ––––––––––––––––  –––––––––––––––––
  angle Upper Lower ratio Mean SD
  (degree) side side  

 NW 0 5.4 4.4 1.2 22.4a 2.7
 RW-30 30 7.4 1.1 7.0 4.8c 1.4
 RW-50 50 13.3 1.5 8.7 8.5b 2.4
 RW-70 70 3.1 1.0 3.1 22.7a 1.9

Legend: NW, normal wood; SD, standard deviation. Different  letters for the mean values indicate 
a significant difference (5% level). The width of the current annual ring in NW was determined 
at two diagonal positions selected randomly. One tree in each stem inclination angle was used 
for the experiment.

Table 2. Number and diameter of vessels, length of wood fibres, and vessel elements.

 Sample Fibre length Vessel element Vessel number Vessel diameter
 (mm) length (mm) (no./mm2) (µm)
 ––––––––––––– ––––––––––––– ––––––––––––– –––––––––––––
 Mean SD Mean SD Mean SD Mean SD

 NW 1.36a 0.15 0.59ns 0.06 52a 11 44.6ns 10.0
 RW-30 1.12b 0.14 0.54ns 0.08 29b 10 45.1ns 10.0
 RW-50 1.00c 0.14 0.58ns 0.08 25b  9 48.5ns 10.2
 RW-70 1.27a 0.18 0.55ns 0.11 53a  7 43.0ns  8.2

Legend: NW, normal wood; SD, standard deviation; ns, no significance among sample.  Different 
letters for the mean values indicate a significant difference (5% level).
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Figure 2. Polarising micrographs of transverse sections; NW (A), RW-30 (B), RW-50 (C) and 
RW-70 (D). The arrowhead indicates the presence of an S3 layer in the secondary wall of the 
wood fibres in NW. The S3 layer was not observed in RW (B to D). — Scale bar = 20 µm.

Figure 3. A cross section of RW-50 stained 
with a zinc chloride-iodine solution that 
stains the G-layer deep-purple. The ar-
rowhead indicates stained starch in a ray 
parenchyma cell. — Scale bar = 20 µm. 
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metry (Fig. 5). The phloroglucinol-HCl staining produced a higher absorbance at  
approximately 570 nm in the middle lamella, while it produced a lower absorbance 
in the S2 layers in NW and RW. For Mäule staining, however, the middle lamellae of 
NW and RW-70 showed a relatively higher absorbance than RW-30 and RW-50 at 
approximately 515 nm. In addition to the smaller MFA and reduced lignin content in 
the S2 layer, the wood fibre walls in RW-30 and RW-50 appeared thick and swollen 
(Fig. 4), and therefore resembled a G-layer (Clair et al. 2005a, b) despite the negative 
result from the zinc chloride-iodine solution, which can detect the G-layer of TW fibres 
containing an abundance of cellulose. It thus appears that the S2 layer in RW-30 and 
RW-50 may contain other polysaccharides, such as hemicelluloses, in addition to cel-
lulose. Based on the layered structure of the wood fibres and lignin distribution, severe 
RW was not formed in RW-70, although the tree stem of RW-70 was inclined at the 
greatest angle from the vertical.

←
Figure 4. Cross sections after phloroglucinol-HCl (A, C, E and G) and Mäule (B, D, F and H)  
staining; NW (A and B), RW-30 (C and D), RW-50 (E and F), and RW-70 (G and H). The  
secondary walls in RW-30 and RW-50, but not RW-70, were not stained strongly with either type 
of stain and showed significant swelling. — Scale bar = 20 µm.

Figure 5. VL-absorption spectra of  
the S2 layer of wood fibre (WF) 
and the middle lamella of the cell 
corners (CC) after phloroglucinol-
HCl and Mäule staining in NW (a) 
and RW-30 (b), RW-50 (c) and 
RW-70 (d). Absorption maxima 
are observed at approximately 570 
nm for phloroglucinol-HCl stain-
ing and around 515 nm for Mäule 
staining.
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Chemical components
 The least lignin content was observed in RW-50 (16.1%), followed by RW-30 
(18.7%), which was considered to result from the decrease in the lignin content in 
the S2 layer (Table 3). In addition, RW-50 showed an increased glucose content and a 
decreased xylose content in holocellulose, compared with NW (Table 3). The increase 
in the glucose content indicates an increase in the cellulose content. TW containing 
G-fibres shows a reduced xylan content (Timell 1969; Hedenström et al. 2009). Timell 
(1969) reported that 10 species of TW containing G-fibres showed a decreased xylan 
content compared with that in NW. In this study, a significant decrease in the xylose 
content was observed in RW-50, indicating decreased amounts of xylan. Xyloglucan 
is present at the interface between the S2 and G-layers in Populus TW fibres and ap-
pears to fix the microfibrils to the inner surface of the S2 layer to withstand the tensile 
growth stress generated within the G-layer (Nishikubo et al. 2007; Baba et al. 2009). 
Although the total xylose content obtained in this study decreased in RW, xyloglucan 
may play an important role in the generation of tensile growth stress. The distribution 
of xyloglucan should be studied in RW of Liriodendron tulipifera.

Table 3. Lignin content determined by acetyl bromide method and monosaccharides con-
tained in holocellulose.

 Sample Lignin (%) Glucose (%) Xylose (%) Arabinose (%) Galactose (%)

 NW 24.1a 61.9 35.5 1.5 1.1
 RW-30   18.7ab 62.0 36.4 0.9 0.7
 RW-50 16.1b 73.2 24.1 1.7 1.0
 RW-70 23.5a 63.6 34.0 1.5 0.9

Note: NW, normal wood. Different letters for mean values indicate no significant difference. 

Table 4. Scoring of degree of RW development in Liriodendron tulipifera.

  Stem inclination angle
 –––––––––––––––––––––––––––––––-
  Character 30° 50° 70°

  Eccentric growth ratio + + + + + + + +
  Vessel number + + + + + + 
  Length ratio of wood fibre to vessel element  + + 
  Pit aperture angle of S2 layer in wood fibre + + + + + + 
  Absorbance around 515 nm of S2 layer in 
     wood fibre after Mäule staining + + + + + + + +
  Lignin content + + + + 
  Glucose content  + + 
  Xylose content  + + 

Legend: ‘+’,  ‘+ +’, and ‘+ + +’ indicate ‘slightly change’, ‘change’, and ‘remarkably change’ against 
the NW of each character, respectively.
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Effects of stem inclination angle on RW formation
 Analyses of anatomical and chemical characteristics revealed that the degree of 
RW development differed among the three RWs formed at different stem inclination 
angles. To demonstrate these differences, Table 4 shows the degree of change in each 
character in RW compared with NW. In RW-50, all characteristics were remarkably 
altered. In RW-70, only the eccentric growth ratio and absorbance of S2 layer at 515 
nm in the wood fibre after Mäule staining were substantially changed. These results 
indicate that the stem inclination angle is significantly related to the degree of RW 
development. For example, when the stem of L. tulipifera is inclined at angles from 
0° to 60° from the vertical, the MFA and surface-released strain gradually decrease 
with increase in the stem inclination angle up to 20°, followed by constant values at 
angles greater than 20° (Yoshida et al. 2000). In this study, a sprouting stem was only 
observed in RW-70 (Fig. 6). The sprouting stem may become a new main stem, and 
suppress the strongly inclined stem (RW-70). This might explain the fact that several 
anatomical and chemical characteristics of RW-70 are similar to those of NW.

CONCLUSION

Anatomical and chemical changes, such as cell morphology, wood fibre wall structure, 
lignin distribution, and chemical contents, were investigated in Liriodendron tulipifera 
trees artificially inclined at stem angles of 30, 50 and 70° from the vertical. The greatest 
eccentric growth ratio, the shortest wood fibre length, and the lowest vessel number 
were observed in RW-50. The wood fibre walls in RW-30 and RW-50 had pit aperture 

Figure 6. Photograph of a tree inclined with angle of 70° from the vertical (RW-70). Note the 
sprouting stem formed from the base.
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angles less than 10°, reduced lignin content and fibres with a thick and swollen appear-
ance; these characteristics are similar to those of a G-layer in typical tension wood. 
The least lignin content was observed in RW-50, followed by RW-30, which appears 
to result from decreased lignin content in the S2 layers of the wood fibres. RW-50 also 
showed an increased glucose content and decreased xylose content in holocellulose 
relative to NW. In contrast, several anatomical and chemical characteristics of RW-70 
were similar to those of NW. These results indicated that the stem inclination angle 
affected the degree of RW development. The RW-70 tree formed one sprouting stem 
which developed a new main stem because the stem inclination angle of 70° was so 
big that the tree could not recover its original position.
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