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ABSTRACT

Anatomy and lignin distribution in artificially inclined stems of Sarcandra 
glabra were investigated to clarify the characteristics of reaction wood (RW) 
in a vessel-less angiosperm species. Of the five coppiced stems studied from a 
single tree, two stems were fixed straight and classified as normal wood (NW) 
and the remaining three stems were inclined at 50 degrees from the vertical 
to induce the formation of the RW. Compared with NW, the lower side of the 
inclined samples had a relatively high compressive surface-released strain 
and an increase in the microfibril angle of the S2 layer of tracheids. However, 
no significant change was observed in the length or cell wall thickness of the 
tracheids. The results of Wiesner and Mäule colour reactions indicated that the 
amount of guaiacyl lignin in the cell walls of tracheids was increased in RW. 
It appears that RW in Sarcandra is formed on the lower side of inclined stems, 
and its anatomical characteristics and chemical composition are similar to those 
of the compression wood (CW) found in gymnosperm species (the so-called 
“CW-like RW” type).
Keywords: Compression-wood-like reaction wood, microfibril angle, lignin 
distribution, guaiacyl lignin.

INTRODUCTION

The xylem in gymnosperm species is mostly composed of tracheids (Core et al. 1976; 
Timell 1983; Wu 1993) whereas that in angiosperm species is composed of wood fibres 
and vessel elements. However, some angiosperm genera such as Pseudowintera, Sarcan-
dra, Tetracentron and Trochodendron, lack vessel elements and are called ‘vessel-less’ 
angiosperm species (Kučera & Philipson 1978; Wu et al. 1992; Wu 1993; Kuo-Huang 
et al. 2007; Hiraiwa et al. 2013). Vessel-less angiosperms have been considered as 
‘primitive’ because the cell composition of their xylem is similar to that of gymnosperms 
(Kučera & Philipson 1978; Timell 1983; Kuo-Huang et al. 2007).
 Lignin in the tracheids of gymnosperms is composed of guaiacyl units (Shio & 
Higuchi 1978). Lignin in vessel elements of angiosperms is composed mainly of guaia-
cyl units, whereas lignin in wood fibre consists of guaiacyl and syringyl units (Wu 
et al. 1992; Wu 1993). These differences in lignin may be related to the evolution of 
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the different cell functions; tracheids in gymnosperm species function for both water 
conductance and mechanical support, whereas the vessel elements and wood fibres in 
angiosperm species function in water conductance and mechanical support, respective-
ly (Wu et al. 1992; Wu 1993).
 When woody plants have leaning or crooked stems or branches, reaction wood (RW) 
is formed in the xylem to restore their position (Onaka 1949; Core et al. 1976; Du & 
Yamamoto 2007). In gymnosperms, compression wood (CW) is formed on the lower 
side of inclined stems or branches. On the other hand, the xylem in angiosperm spe-
cies forms RW – known as tension wood (TW) on the upper side of inclined stems or  
branches. Typical TW is characterized by the presence of a gelatinous (G-) layer in the  
wood fibre. In addition, some angiosperms, such as Pseudowintera colorata, Buxus 
microphylla Sieb. et Zucc. var. insularis Nakai, B. sempervirens L., Hebe salicifolia  
(G. Forst.) Pennell and Gardenia jasminoides Ellis, form ‘CW-like RW’ with char- 
acteristics similar to CW in gymnosperms (Höster & Liese 1966; Kučera & Philipson  
1978; Meylan 1981; Yoshizawa et al. 1993a, b; Kojima et al. 2012; Aiso et al. 2013). 
 Sarcandra glabra is an evergreen shrub-tree distributed throughout Japan, Korea, 
Taiwan, China, India, and Malaysia. In general, the tree height reaches up to 50 to 80 cm.  
Onaka (1949) reported that no abnormal tissues were found on the upper or lower sides 
of inclined stems. However, further detailed research is required and, in the present study, 
we report on the anatomical characteristics and lignin distribution in RW of S. glabra, 
and we discuss the differences observed in RW of vessel-less angiosperm species.

MATERIALS  AND  METHODS

A two-year-old Sarcandra glabra tree, which originally had five coppice stems, was 
planted in the nursery of Utsunomiya University, Japan (139° 55' E, 36° 33' N). In early 
June, 2012, two almost straight stems on the tree were fixed at 0 degrees from the ver-
tical by posts, and their xylem was referred to as normal wood (NW, Fig. 1). To induce 
RW, another three stems which were originally inclined at 20 to 30 degrees from the 
vertical were artificially bent at an angle of 50 degrees from the vertical (Fig. 1).
 The surface-released strain of xylem was measured on the upper and lower sides 
of inclined stems using the strain gage method (Okuyama et al. 1981) at the end of 
October 2012. In the case of NW, the surface-released strain on xylem was measured 
at randomly selected positions.
 After measuring the surface-released strain, all stems were cut down at the end of 
October 2012. One-centimetre-thick discs were collected from the positions near the 
surface-released strain measuring point in the five coppiced stems. The discs were 
immediately immersed in 0.8 M sucrose aqueous solution overnight for plasmolysis. 
 For observation of anatomical characteristics, 15-µm-thick transverse sections with 
current annual rings included were prepared from small wood blocks (5 × 5 × 5 mm3). 
The blocks were collected from the upper and lower sides of inclined stems and random 
positions of NW using a sliding microtome (ROM-380, Yamatokohki). Non-stained 
and safranine(1% in 50% ethanol)-stained transverse sections were prepared by the 
method described in our previous report (Aiso et al. 2013). Photomicrographs were taken 
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using a digital camera (E-P3, Olympus) attached to a microscope (BX51, Olympus) 
to measure the thickness of tracheid walls. Tracheid wall thickness was measured for 
30 cells in each sample using the ImageJ (National Institute of Health) software. To 
measure tracheid length, small wood blocks (1 × 1 × 10 mm3) were macerated with 
Schulze’s solution (6 g potassium chlorate in 100 mL 35% nitric acid). The length 
of 30 tracheids in each sample was measured using a microprojector (V12, Nikon) 
and a digital calliper (CD-30C, Mitutoyo). For determining the MFA of the S2 layer, 
small wood blocks (5 × 5 × 1 mm3) were collected from the upper and lower sides of 
inclined stems and random positions of NW. The angle of the bordered pit aperture of 
the tracheids were measured using a scanning electron microscope (SEM, JCM-500, 
JEOL) according to the method described by Donaldson (1991), and the angle was 
defined as MFA of the S2 layer. The pit aperture angle of 30 tracheids was measured 
in each sample.

Samples A and B

Samples C and D
Sample E

Sample E

Samples A and B

Samples C and D

Before fixation                                                    After fixation                                                    

Samples A and B (normal wood)

Samples C, D and E

40 cm

50°

8.5 cm

8 cm

15 cm

a

b
Figure 1. Illustration of stem form and inclination method in the present study. – a: Before fixa-
tion, stem angles in samples A and B were almost 0° from the vertical, and its angles in samples 
C to E were about 20° to 30° from the vertical. Black bars in the illustration of “after fixation” 
indicate the posts for fixation in each sample during experiment. – b: Samples A and B, and 
samples C, D, and E were fixed at 0° and 50° from the vertical, respectively. The arrowheads 
indicate the position for measuring surface-released strain in each sample.

Downloaded from Brill.com05/19/2023 07:30:55PM
via free access



119Aiso et al. – Reaction wood in vessel-less angiosperm

 To examine lignin distribution, the Wiesner and Mäule colour reactions were per-
formed according to the methods described in our previous report (Yoshizawa et al. 
1993b). Following the Wiesner and Mäule colour reactions, visible-light (VL) absorp-
tion spectra of the secondary wall in tracheids were measured using a microspectro-
photometer (UMSP50, Carl Zeiss). The measurement conditions were as follows: 
range of wavelength, from 450 to 600 nm in every 5 nm; spot diameter, 0.5 µm; band 
width, 5 nm; repetition of measurement, 10 times for each wavelength. Mean values 
of absorbance at 515 and 570 nm were calculated for Mäule and Wiesner reactions, 
respectively. Because of the temporary nature of these colour reactions, all observa-
tions and measurements were performed within 10 minutes. VL-absorption spectra 
were obtained in five tracheid walls from two or three sections in each sample. Mean 
absorption spectra were calculated by averaging these five measurements.

RESULTS

In the present study, high negative or positive values of surface-released strain were ob-
tained on the upper or lower side of inclined stems, respectively when compared to NW 
(Table 1). In addition, higher absolute values of surface-released strain were obtained 
on the lower side than on the upper side of inclined stems in Sarcandra glabra.

Table 1. Surface-released strain in normal wood and the upper and lower sides of inclined 
stems in Sarcandra glabra.

   Inclination angle     Surface-released strain (µε)
 Sample    ––––––––––––––––––––––––––––––––––
  (degree) Upper Lower

 A (NW)  0 -63
 B (NW)  0   -5
 C 50 -1144 2446
 D 50   -940 1461
 E 50   -750 1578

Note: NW = normal wood.

Table 2. Length, cell wall thickness, and the pit aperture angle of tracheid in normal wood, 
and the upper and lower sides of inclined stems in Sarcandra glabra.

   Incl. Tracheid length (mm) Cell wall thickness (µm) Pit aperture angle in tracheid (°)
 Sample angle –––––––––––––––––––––––– –––––––––––––––––––––– –––––––––––––––––––––
   (°) Upper  Lower   Upper   Lower Upper Lower

 A (NW)  0 1.54 ± 0.08 ab 2.7 ± 0.3 ab 22.8 ± 3.2 c
 B (NW)  0 1.60 ± 0.07 a 2.9 ± 0.4 a 21.9 ± 3.2 c
 C 50 1.54 ± 0.06 ab 1.59 ± 0.05 a 2.4 ± 0.3 c 2.6 ± 0.3 abc 23.1 ± 3.1 bc 25.7 ± 3.1 b
 D 50 1.55 ± 0.33 ab 1.50 ± 0.33 ab 2.4 ± 0.2 c 2.6 ± 0.4 abc 22.9 ± 2.7 c 28.5 ± 3.4 a
 E 50 1.42 ± 0.05 b 1.53 ± 0.07 ab 2.6 ± 0.3 bc 2.6 ± 0.3 abc 21.0 ± 3.1 c 25.8 ± 4.4 b

Note: Incl. angle = inclination angle; NW = normal wood. The same alphabets followed by mean and standard 
deviation indicates no significant difference by the Tukey HSD test (p < 0.05).
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a                                    b   

c                                    d   

e                                    f   

g                                    h   

Figure 2. Polarizing photomicrographs of cross sections without staining in Sarcandra glabra. –  
a & b: NW in samples A and B, respectively. – c, e & g: Upper side of inclined stems in sample 
C, D and E, respectively. – d, f & h: Lower side of inclined stems in sample C, D and E, respec-
tively. The arrowheads indicate the S3 layer.
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 Although significant differences were found among samples, length and cell wall 
thickness of tracheids were not significantly changed by RW formation in samples C, 
D and E (Table 2). In the pit aperture angle of tracheids, no significant difference was 
found between NW and the upper side of all the inclined samples (Table 2). In contrast, 
the pit aperture angle of tracheids was increased on the lower side of inclined stems com- 
pared with NW and the upper side of inclined stems except for sample C (Table 2). On the 
other hand, a distinct S3 layer was observed in the tracheids of all samples (Fig. 2).
 Following the Wiesner colour reaction, the secondary wall of all tracheid sam- 
ples stained a strong red-purple colour (Fig. 3a–c). In contrast, all samples showed a 
brownish colour after staining with the Mäule reagents (Fig. 3d–f). Apparent peaks  
were found at approximately 570 nm after the Wiesner colour reaction in all samples 
(Fig. 4). However, after the Mäule colour reaction, no apparent peaks but some shoul-
ders were found at approximately 515 nm (Fig. 5).

DISCUSSION

Yamamoto et al. (1993) reported that excessive surface-released strain could be an 
indication for the presence of RW. In the present study, higher absolute values of surface-
released strain were obtained on the lower side than on the NW and upper side (Table 1),  
suggesting that RW forms on the lower side of inclined stems in S. glabra.

a                                 b                                 c

d                                 e                                  f

Figure 3. Photomicrographs of cross sections of Sarcandra glabra after the Wiesner (a–c) and 
Mäule (d–f) colour reactions. – a & d: Sample A (NW). – b & e: The upper side of the stem in 
sample C. – c & f: The lower side of the stem in sample C. On the basis of the results of visible-
light absorption spectra of the secondary wall of tracheids after the Wiesner colour reaction, 
sample C was selected for this figure. 
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d

Figure 4. Visible-light absorption spectra of the secondary wall of tracheids after the Wiesner 
colour reaction. – a: Sample A and B (normal wood). – b: Sample C. – c: Sample D. – d: Sam-
ple E. – Arrowheads in the figures indicate absorbance at 570 nm. Values indicate mean and 
standard deviation of absorbance at 570 nm.

 In gymnosperm species, tracheid length is decreased, whereas the cell wall thick-
ness of tracheids increases in CW formation (Côte & Day 1965; Timell 1983; Du 
& Yamamoto 2007). This is also true for RW in Buxus microphylla var. insularis 
(Yoshizawa et al. 1993a, b). In another angiosperm species forming ‘CW-like RW’ 
(Hebe salicifolia), almost no significant differences in the length and cell wall thick-
ness of wood fibres were found between the upper and lower sides of inclined stems 
(Kojima et al. 2012). An increase in the length and tangential tracheid wall thickness 
was found on the lower side of inclined branches in Pseudowintera colorata (Kučera 
& Philipson 1978). In addition, Gardenia jasminoides had shorter and thinner-walled 
wood fibres in RW formed on the lower side of inclined stems (Aiso et al. 2013). As 
shown in Table 2, there were no remarkable changes in length and cell wall thickness 
of tracheids among all samples due to RW formation in S. glabra. Therefore, we sug-
gest that changes in the length and cell wall thickness of tracheids or wood fibres due 
to RW formation in vessel-less angiosperm species may differ among species forming 
‘CW-like RW’.
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 An increase in the MFA of the S2 layer of tracheids is a typical characteristic of 
CW in gymnosperm species (Côté & Day 1965; Timell 1983; Du & Yamamoto 2007). 
On the other hand, in TW of angiosperm species, the MFA of the G-layer found in the 
innermost layer of wood fibres or tracheids orients parallel to the axial direction (Côte 
& Day 1965; Du & Yamamoto 2007; Kuo-Huang et al. 2007; Hiraiwa et al. 2013). 
A decrease in the MFA of the S2 layer of wood fibres was also confirmed in several 
angiosperm species not forming typical G-layers (Ruelle et al. 2006). In the case of 
angiosperm species forming ‘CW-like RW’, several researchers have demonstrated 
that he MFA in the S2 layer increases on the lower side of inclined stems or branches 
(Kučera & Philipson 1978; Meylan 1981; Timell 1983; Yoshizawa et al. 1993a; Kojima 
et al. 2012). In the present study, although the MFA of the S2 layer on the upper side 
of inclined stems is similar to that in NW, a significant increase in MFA of the S2 layer 
was found on the lower side of inclined samples, except for sample C (Table 2). On 
the basis of the obtained results, we suggest that the change of the MFA in S. glabra 
due to RW formation is similar to that of CW in gymnosperms and ‘CW-like RW’ in 
angiosperms.
 In general, CW tracheids in gymnosperm species lack an S3 layer (Kučera & Philip-
son 1978; Timell 1983). Some angiosperm species forming ‘CW-like RW’, such as 
Buxus microphylla and Gardenia jasminoides, also lack the S3 layer in tracheids or 
wood fibres (Yoshizawa et al. 1993a; Aiso et al. 2013). Thus, changes in the layered 
structure of tracheid walls due to RW formation in S. glabra are different from those 
in gymnosperms and other angiosperm species forming ‘CW-like RW’ (Fig. 2).
 In vessel-less angiosperm species, such as Pseudowintera colorata, Sarcandra glabra 
and Trochodendron aralioides, lignin is composed of both guaiacyl and syringyl units 
(Shio & Higuchi 1978; Jin et al. 2007). Two types of colour reactions, the Wiesner and 

a                                     b

Figure 5. Visible-light absorption spectra of the secondary wall of tracheids after the Mäule colour 
reaction. – a: Sample A (normal wood). – b: Sample C. – Arrowheads in indicate absorbance at 
515 nm. The absorption spectra exhibited shoulder shapes. Values indicate mean and standard 
deviation of absorbance values at 515 nm.
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Mäule colour reactions are used to detect the presence of lignin (Nakano & Meshitsuka 
1992; Yoshizawa et al. 1993b). The Wiesner reagent reacts with coniferyl aldehyde 
units in lignin, and the resulting stained wood has a red or red-purple colour (Nakano 
& Meshitsuka 1992; Yoshizawa et al. 1993b). The Mäule colour reaction produces a 
red-purple colour in hardwoods and a brownish colour in softwoods (Meshitsuka & 
Nakano 1977; Brunow et al. 1999), indicating the presence of syringyl and guaiacyl 
lignins, respectively. Absorption at approximately 515 nm after the Mäule reaction 
is evidence for the existence of syringyl lignin (Meshitsuka & Nakano 1977). In the 
present study, the lignin in tracheid walls in S. glabra is primarily composed of guaiacyl 
units (Fig. 3 to 5). This is similar to that of the tracheids in gymnosperms. Our results 
indicate that guaiacyl lignin on the lower side of inclined stems may increase due to 
RW formation in S. glabra, another indication of the ‘CW-like RW’ type.
 Characteristics of RW in S. glabra are also similar to those in Pseudowintera in 
which RW is similar to CW in gymnosperm species. On the other hand, in another 
vessel-less angiosperm, Trochodendron, a G-layer forms on the upper side of inclined 
stems due to RW formation (Kuo-Huang et al. 2007; Hiraiwa et al. 2013). Thus, RW 
characteristics may vary among vessel-less angiosperms. According to Jin et al. (2007), 
syringyl /vanillin (S/V) ratios in Trochodendron and Sarcandra as determined by alka-
line nitrobenzene oxidation were 1.62 and 0.08, respectively. In Pseudowintera, Shio & 
Higuchi (1978) reported that the ratio of syringyl to guaiacyl units in lignin determined 
by permanganate oxidation was 0.56. Among these vessel-less angiosperm species, 
the xylem in Trochodendron originally showed a higher S/V ratio (Jin et al. 2007). In 
contrast, the xylem in Sarcandra and Pseudowintera originally showed a lower S/V 
or S/G ratio (Shio & Higuchi 1978; Jin et al. 2007). Based on the results of ultraviolet 
and VL-microspectrophotometry after the Mäule colour reaction, Wu (1993) reported 
that the variation in distribution patterns of guaiacyl and syringyl lignins in cell walls 
was closely related to the functional differentiation of tracheary elements. Thus, it is 
considered that phylogeny reflects the evolutionary change in the lignin composition 
in trees (Wu et al. 1992; Wu 1993). In addition, the ratio of syringyl to guaiacyl units 
may be related to changes in the anatomical and chemical characteristics of xylem 
due to RW formation in vessel-less angiosperm species; the species which have a high 
ratio of syringyl to guaiacyl units can produce a G-layer on the upper side of inclined 
stems, whereas the species with a low ratio of syringyl to guaiacyl units can increase 
lignin content on the lower side of inclined stems. Further research is needed to clarify 
the relationships between the roles of ratio of syringyl to guaiacyl units and the type of 
RW in the vessel-less angiosperms.

CONCLUSION

In the present study, anatomical characteristics and lignin distribution of RW in Sarcan-
dra glabra were investigated. When compared to NW, a relatively high surface-released 
strain and an increased MFA of the S2 layer of tracheids were found on the lower side 
of the inclined samples. In addition, after the Wiesner and Mäule colour reactions, 
guaiacyl lignin increased in tracheid walls due to RW formation. These results suggest 
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that RW in S. glabra is formed on the lower side of inclined stems and its anatomi- 
cal characteristics and lignin distribution are similar to CW in gymnosperms. There- 
fore, it is concluded that S. glabra forms ‘CW-like RW’ on the lower side of inclined 
stems.
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