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Abstract A normal variety of rice (Oryza sativa L. cv.
Taichung 65, T65c¢), its isogenic dwarf line (765d;), and a
semidwarf variety of a different line (Oryza sativa L. cv.
IRS, IR8) were studied. The results were compared with
those of an isogenic dwarf line (Rk;) of wheat straw, which
was previously reported. Expression of the dwarf gene, d,,
on the chemical composition and the structural features of
lignin present in rice internodes differs from that in an
isogenic dwarf line of wheat. The differences include the
lignin content, total yield of alkaline nitrobenzene oxidation
products, and distribution of wall-bound hydroxycinnamic
acids. There was, however, no difference in the syringyl/
guaiacyl nuclei (S/V) molar ratio and neutral sugar compo-
sition. The lignin composition of rice straw cell walls, par-
ticularly that of the dwarf variety, contained more of the
condensed structure and fewer syringyl nuclei than lignin in
wheat straw cell walls. It is suggested that crosslinking be-
tween lignin and polysaccharides by ester—ether bridges via
ferulic acid contributes to the mechanical properties of the
cell walls of rice straw. Thus the chemical and structural
characteristics of lignin in rice straw differ to some extent
from those of other temperate grasses, such as wheat (Triti-
cum aestivum) and phalaris (Phalaris aquatica), as reported
previously. This can probably be attributed to the water
environment of rapidly growing rice seedlings, but it also
depends on the genetic variety of the rice plant.
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Introduction

There have been many trials of selective breeding of crop
plants for the purpose of increasing productivity. The major-
aim of the selection is to introduce dwarfism to keep the
plants from falling down. An /RS rice variety (Oryza sativa
L. cv. IR8), which has been developed by the International
Rice Research Institute (IRR1), is a typical semidwarf vari-
ety with significantly high rice productivity. This variety is
widely cultivated in Southeast Asia, and there are large
amounts of straw waiting to be utilized as biomass: How-
ever, there is no information on its cell wall composition, In
addition, the chemical composition of rice straw walls is
important for mechanical strength, but little information.on
the effect of dwarfism is available.

We have previously reported analysis of the chemical
composition and structural characterization of lignin in the
walls of normal wheat and an isogenic dwarf.” It has been
found that ester—ether bridges, via ferulic acid, between
polysaccharides and lignin provided the mechanical proper-
ties of cell walls during the developing stages of the plant.’
The importance of covalent associations between cell wall
polymers has been reviewed.”” The dwarfism (Rk genes) of
wheat reported in a previous paper' was caused reduced cell
wall elongation of parenchymal cells.” In other systems
dwarfism has been ascribed to decreased cell proliferation™
or a reduction of both cell elongation and cell prolifera- -
tion.”"! The causes of dwarfism in plants depend on beth the
species and the inheritance of various dwarf genes.”

In this study we investigated the chemical composition
and structural characteristics of lignin present in the cell
walls of rice expressing different dwarf genes and compared
our previous results to the isogenic dwarf line of wheat,
focusing on the formation of covalent associations between
wall polymers.



Materials and methods
Plant materials

Senescent rice (Oryza sativa L.) stems, a normal variety
Taichung 65 (T65¢) and its isogenic dwarf line (765d,), and
a semidwarf variety of a different line /R8 (International
Rice Research Institute) were studied. The IR8 has been
hybridized with indica and japonica and is bred widely in
southern and southeastern Asia. These varieties were
kindly donated by Professor O. Kamijima, Department of
Agriculture, Kobe University, Japan. The samples were
dried in a vacuum oven at 40°C and separated into inter-
node, leaf sheath, and leaf blade. Each fraction was milled
in a Wiley mill to pass a 420-um sieve. The ground samples
were successively extracted with boiling 80% (v/v) aqueous
ethanol (1 h X 3) and water overnight at 37°C then washed
with absolute ethanol and dried in a vacuum oven at
40°C.

Analysis of chemical components

The lignin content was determined by an acetyl bromide
procedure.” Neutral sugars were released by hydrolysis
with 4% sulfuric acid for 1 h at 121°C after treatment with
72% sulfuric acid for 1 h at room temperature; the neutral
sugars in the hydrolysate were analyzed as their alditol
acetates' by a Hewlett-Packard HP5890 Gas chromato-
graph (BP225 capillary column 25 m X 0.25 mm i.d., column
temperature 200°C). Uronic acids in the sulfuric acid hy-
drolysate were determined spectrophotometrically using
the method of Scott.” The sample was finely ground in a
Spex-mill (SPEX Industries, Metuchen, USA) under liquid
nitrogen, then the partially methylated alditol acetate
analysis of wall polysaccharides was performed using the
procedure of Harris et al.'® The products were identified by
gas chromatography-mass spectrometry (GC-MS) using a
Finnigan MAT INCOS-50 GC-MS system (BP225 capillary
column 25 m X 0.25 mm i.d., with temperature programmed
from 170°C to 230°C at 2°C/min), referring to Bjondal et
al.,”” Geyer et al.,”® and Carpita and Shea.” It was then
quantified using theoretical response factors calculated by
Sweet et al.”

The chemical structure of lignin was examined by alka-
line nitrobenzene oxidation.”’ The products were detected
by a Hewlett-Packard HP5890 Gas chromatograph (BP1
capillary column 25m X 025mm id.) as trimethylsilyl
(TMS) derivatives™ using ethylvanillin as an internal stan-
dard. The yields of p-hydroxybenzaldehyde and vanillin
were corrected for those produced from p-coumaric and
ferulic acids ester- and ether-linked to wall polymers.” The
content of ester-linked and total (ester-linked plus ether-
linked) hydroxycinnamic acids released by alkaline hy-
drolysis at room temperature (1 M NaOH overnight)* and
at 170°C (4 M NaOH for 2 h),”?* respectively, were deter-
mined by GC as TMS derivatives.” All of the chemical
analyses, except the partially methylated alditol acetate
analysis (which was duplicated), were triplicated.
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Table 1. Lignin content and alkaline nitrobenzene oxidation products
of cell walls of dwarf, semidwarf, and normal strains of rice internodes

Sample Lignin content Alkaline nitrobenzene
(% of ODM) oxidation products
Total yield NAY
(% of lignin)
T65¢
Internode 12.2 (0.17) 10.8 (0.24) 1.10 (0.04)
Leaf sheath 15.6 (0.21) 8.4 (0.21) 0.98 (0.03)
Leaf blade 16.8 (0.32) 7.5 (0.34) 0.93 (0.02)
765d,
Internode 10.9 (0.24) 8.4 (0.29) 1.45 (0.04)
Leaf sheath 12.9 (0.24) 7.9 (0.41) 0.93 (0.01)
Leaf blade 14.6 (0.29) 6.9 (0.21) 0.65 (0.02)
IRS
Internode 15.6 (0.36) 7.5 (0.24) 1.37 (0.03)
Leaf sheath 15.4 (0.32) 6.7 (0.35) 1.29 (0.03)
Leaf blade 17.2 (0.29) 7.0 (0.16) 0.74 (0.02)

Numbers in parentheses are standard deviations (n = 3)

Lignin content was determined by an acetyl bromide procedure.”
Alkaline nitrobenzene oxidation was carried out using the procedure
of liyama and Lam.* Total yield of alkaline nitrobenzene oxidation
products was corrected for products from hydroxycinnamic acids™.
S/V, molar ratio of syringyl nuclei and guaiacyl nuclei; 765¢c, Oryza
sativa cv. Taichung 65 (normal); 765d,, dwarf near-isogenic line of
T65c; IR8, Oryza sativa cv. IR-8; ODM, original dry matter

Results and discussion

The length of the first internodes of rice plants was mea-
sured as an index of plant height. The distribution of length
of the first internode (topmost) from 100 internodes showed
nearly Gaussian distribution. The average lengths of the
first internode of samples were T65c¢, 37.5cm; T63d,,
183 cm; and IRS8, 27.1cm. The lignin content of each
plant part of T65¢ was higher than that of its isogenic dwarf
variety, 765d, (Table 1). It was the same as for the isogenic
dwarf lines of wheat reported in a previous paper’ but
different from the results reported by Kaneya et al.” for
stems of a rice variety. They used a variety of Fujiminori (O.
sativa L. cv. Fujiminori) and its dwarf mutant F71 and deter-
mined the lignin content by the Klason procedure without
adding the values for the acid-scluble lignin content. The
difference between our results and theirs may be due to
variation of expression of dwarf genes, to the lignin deter-
mination procedures as discussed in previous papers, or
both.”

In dwarf wheat, the lignin content was found to be higher
in the internodes than in leaf sheaths and leaf blades.' How-
ever, in the dwarf line of rice used in this study the lignin
content was lower in the internodes than in the leaves. This
may be due to the morphological characteristics of rice
stems compared to those of wheat stems. The internodes of
rice are more fragile than those of wheat. The internode
may contribute less to the mechanical properties of rice
than of wheat because rice plants are immersed in water
during a significant period of their growth. Although the
height of 7R8 is between that of 765¢ and 7654, the lignin
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Table 2. Hydroxycinnamic acid contents of dwarf, semidwarf, and normal strains of rice plants
determined by alkaline hydrolysis at room temperature® and at 170°C"

Sample Ester-linked Ether-linked Total
PCA FA PCA FA PCA FA
T65¢
Internode 0.46 (0.04) 020 (0.02) 0.84 (0.05) 093 (0.04) 1.30(0.11) 1.13(0.09)
Leaf sheath  0.30 (0.05) 0.24 (0.02) 0.59 (0.04) 1.05(0.06) 0.89(0.05) 1.29 (0.10)
Leaf blade  0.14 (0.05) 0.11 (0.03) 0.35(0.02) 0.94 (0.03) 049 (0.06) 1.05 (0.05)
T65d,;
Internode 0.40 (0.02) 0.8 (0.02) 0.69 (0.03) 0.75(0.03) 1.09 {0.09) 6.93(0.09)
Leaf sheath  0.51 (0.03) 0.55(0.04) 0.18(0.02) 0.56 (0.05) 0.69 (0.06) 1.11(6.10)
Leaf blade 032 (0.02) 033(0.04) 0.16(0.01) 073(0.02) 048(0.04) 1.06(0.11)
IR8
Internode 0.44 (0.04) 023 (005 0.79(0.06) 097 (0.05) 123(0.12) 1.20(0.13)
Leaf sheath  0.63 (0.04) 0.68 (0.03) 0.16 (0.01) 0.80 (0.02) 0.79 (0.09) 1.48 (0.09)
Leaf blade  0.25(0.03) 0.52 (0.04) 0.12(0.03) 0.93.(0.05) 047 (0.05) 145 (0.10)

Results are percent of extract-free oven-dried sample. Numbers in parentheses are standard

deviation (n = 3)

PCA, p-coumaric acid; FA, ferulic acid; PCA/FA. T65¢c: Oryza sativa cv. Taichung 65 (normal);
T65d,, dwarf near-isogenic line of 765¢; IRS8, Oryza sativa cv. IR-8

* For ester-linked: 1 M overnight
® For total bound: 4 M NaOH for 2 hr

content of JR8 was higher than that of T65¢c, probably owing
to significant genetic differences.

The total yield of alkaline nitrobenzene oxidation prod-
ucts of the rice samples based on lignin content (Table 1)
was significantly lower than that of the wheat samples in a
previous study.'” All of these values were about half that
for the wheat samples, although the syringyl nuclei/guaiacyl
nuclei (8/V) molar ratios were similar to those of wheat
samples.”” These results suggest that lignin in rice stems
is rich in condensed guaiacyl nuclei and has small amounts
of vanillin as an alkaline nitrobenzene oxidation product.
Syringyl nuclei in rice lignins are fewer than in wheat
lignins, which are characterized as lignin in immature
plants.” The immature lignin may relate to the fragile na-
ture of the internodes of rice stems.

The total yield of alkaline nitrobenzene oxidation prod-
ucts of 765¢ was higher than that of the isogenic dwarf line,
T65d,, indicating that the lignin in 765¢ is more mature than
that in T65d,. This result differs from that in wheat plants' in
that the total yield of alkaline nitrobenzene oxidation prod-
ucts is independent of the plant height. There were no sig-
nificant differences in the S/V ratio in internode walls for
T65¢ and T65d, for which the tendency is similar to that in
isogenic dwarf lines of wheat plants.” These results indicate
that lignin within the dwarf variety of rice is richer in the
condensed guaiacyl nuclei than in the normal counterpart.
The total yield and S/V ratio for leaf sheaths and leaf blades
were lower than those for internodes, similar to what was
found in wheat lines,' indicating that the lignin in leaf
sheaths and leaf blades is richer in condensed structure than
the lignin in internodes. The total yield of nitrobenzene
oxidation products of IR8 was lower than that for either
T65¢ or T65d,, and its S/V ratio was higher, indicating that
the lignin in 7R8 stems is significantly richer in condensed
guaiacyl nuclei.

The results of hydroxycinnamic acid analyses are shown
in Table 2. The concentrations of the hydroxycinnamic
acids, p-coumaric acid, and ferulic acid, in rice internodes
were similar to those of the wheat samples.” The content of
ester-linked p-coumaric- acid, however, is significantly
higher than that in the wheat and phalaris internodes™ but
considerably lower than in the internode cell walls of ‘maize
(Zea mays) and sorghum (Sorghum vulgare).”” The level of
p-coumaric acid in cell walls of grasses may reflect a
classification of tropical (e.g., maize and sorghum), sub-
tropical (rice), and temperate (wheat and phalaris). The
contents of the etherified ferulic acid and etherified p-
coumaric acid in the normal variety (765¢c) were slightly
higher than those of the dwarf variety (765d;). It is sug-
gested that etherified ferulic acid may form covalent ‘asso-
ciations between lignin and polysaccharides, reinforcing the
mechanical strength of rice stems. However, the difference
between the ether-linked ferulic acid contents in 765¢ and
T65d, is smaller than that observed for wheat plants,‘ sug-
gesting that the culm reinforcing mechanisms are not devel-
oped owing to the immersion of rice plants in water for
significant periods of their growth.

Uronic acid contents in three types of rice straw were
similar (Table 3), although the leaf blades gave the highest
content among the plant parts. The glucose residue of the
dwarf variety was lower than that of the normal variety of
rice straws, similar to an isogenic dwarf line of wheat straw,’
A significantly higher content of (1 — 4) linked glucose (i.c.,
mainly cellulose) and lower content of (1 — 4) linked xylose
(i.e., arabinoxylan) were found in the normal variety (765¢)
than in the dwarf (765d,) and semidwarf (/R8) varieties by
partially methylated alditol acetate analysis (Table 4). The
sugar composition of the semidwarf variety (7R8) of differ-
ent genetic background from the Taichung 65 was different
from that in the Taichng 65 line.



Table 3. Neutral sugar and uronic acids contents of straw cell walls of normal and dwarf varieties of rice plants
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Sample Neutral sugar Uronic acid
Rha Ara Xyl Man Gal Gle Total CalA GlcA Total
T65¢
Internode 0.6 (0.1) 3.1(0.3) 17.5 (1.1) -0 1.7(03) 547(14) 776(1.8) 03(01) 04(1) 0702
Leaf sheath - (0) 33(02) 149(0.9) -(0) 15(04) 305(1.1) 502(14) 04(0.1) 06(02) 1.0(02)
Leaf blade -(0) 34(02) 135(0.6) -0 13(02) 231(1.2) 413(1.5) 05(@02) 07(02) 12(03)
T65d,
Internode 04(01) 3603 1791.0) -(0) 1.7(02) 497(13) 733(21) 0501 03(0) 0.8 (0.2)
Leaf sheath -(0) 30(03)  125(1.1) ~(0) 14(03) 312(1.2) 481(12) 08(02) 04(0.1) 12(02)
Leaf blade - (0) 34(02) 13.5 (0.8) -(0) 13(02) 231(1.0) 413(1.6) 08(03) 12(03) 2.0(03)
IR8
Internode 0.6 (02) 3303y 229(12) 03(02) 13(02) 435(09) 719(14) 07(02) 04(01) 1.1(02)
Leaf sheath -0 3.7(03)  16.6(0.9) -(0) 1.0(01) 281(11) 493(1.3) 07(02) 07(02) 1402
Leaf blade -(0) 32(0.3) 15.7 (1.1) - (0) 12(03) 303(0.8) 504 (L1) 08(03) 09(2) 17(03)

Numbers in parentheses are standard deviations (# = 3). Results are percents of extact-free oven-dried sample
Rha, rhamnose; Ara, arabinose; Xyl, xylose; Man, mannose; Gal, galactose; Glc, glucose; GalA, galacturonic acid; GicA, glucuronic acid; 765¢,

Oryza sativa cv. Taichung 65 (normal); T65d,, dwarf near-isogenic line of T65¢; IR8, Oryza sativa cv. IR-8

Table 4. Glycosidic linkages of polysaccharides of straw cell walls of normal and dwarf varieties

of rice plants

Sugar residue and
linkage position

T65¢ internode

T65d, internode

IR8 internode

Wheat internode

Arabinose
Terminal
1,2~
1,3-

1,5-
Total

Xylose
Terminal
1,4-
1,2,4-/1,3,4-
Total

Galactose
Terminal
13-

1,4-
Total

Glucose
Terminal
1,4-

1,3-

1,2,4-/1,3 4-
1,4,6-

1,2,6-

1,3,6-

Total

Total

45+03
03 =£0.0
0.6 0.1
0.6 £ 0.0
6.0 =05

09 %01
104 =11
1202
126 £ 04

05 +0.1

05 *01

28 £04
740 =14
20 +£03
02 0.0
13 =01
03 =0.0

80.6 = 1.6
99.7 + 1.3

5.6 0.2
0.3 =00
0.7 201
0.8 0.1
74 =04

12 =02
11.6 £ 09
14 £02
142 =05

08 £02

0.8 +02

3804
68.7 = 1.9
2301
03 x0.0
14 =02
05 +01

77.0 £ 21
994 + 1.6

8.5 =02
03 =00
05=0.1
0.9 = 0.2
102 = 0.7

1502
182 £ 14
23+04
20+12

1.0 £ 0.1

1.0 £ 0.1

1.6 £02
623 =14
0.8 =0.2
03+01
09 £02
05 +02

663 = 1.5
995 +13

3.8*=05
03 £0.0
02 =01
0.6 =01
49 = 0.5

22 %02
286 £ 1.8
21+03
33015

0201

02 =01

20+ 01
572 %13
0702
02=01
11+03
05 +03

60.9 = 1.7
98.9 =21

All data were duplicated

Results are percents of total neutral sugar determined by alditol acetate procedure

Thus the chemical composition and structural features of
lignin and polysaccharides of rice straw are strongly depen-

dent on the genetic variety in rice species and significantly

different from those of other temperate grasses, such as
wheat and phalaris straws. This observation may be influ-
enced by the growth conditions of the plants, particularly

the lengthy immersion of the plant in water during the
period of plant growth.
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