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We evaluated genetic variations in the non-structural
carbohydrate (NSC) and the cell-wall components of
stem in rice, sorghum, and sugar cane to assess the
potential suitability of these gramineous crops for
bioethanol production. For NSC, the maximum soluble
sugar concentration was highest in sugar cane, followed
by sorghum with sucrose. The major NSC in rice was
starch, but there were wide variations in the starch to
soluble sugar ratios among the cultivars. The total
concentration of cell-wall components was negatively
correlated with the NSC concentration, indicating
competition for carbon sources. Among the cell-wall
components, lignin was relatively stable within each
group. The major sugar species composing hemicellu-
lose was xylose in all crop groups, but there were
differences in composition, with a higher fraction of
arabinose and glucose in rice as compared to the other
crops. In rice, there was less lignin than in sorghum or
sugar cane; this might be advantageous for the efficient
saccharification of cellulose.
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Crop residue biomass is attracting interest as a
potential energy source for the production of biofuels,
such as bioethanol, in order to limit net CO2 emission
and preserve fossil resources. The stems of grain crops
are a target material because their use does not
compromise food production. To enhance the use of
biofuels derived from crop stem residues, we need
technology that simultaneously achieves a positive
balance of energy, reduction of net CO2 emission, and
reasonable production costs. To use crops for biofuel
production, concurrent improvements are needed in both

biomass productivity in the field and recovery efficiency
for fermentable sugars via hydrolysis and saccharifica-
tion. High biomass productivity is an important criterion
in increasing the carbon fixation ability of crops and
reducing production costs.
The efficiency of recovery of fermentable sugars

from stem residues by saccharification is determined
largely by the carbohydrate composition. Plant stem
carbohydrate comprises non-structural carbohydrate
(NSC), such as soluble sugars and starch, and structural
cell-wall components, such as cellulose and hemi-
cellulose. NSC has an important biological role in
grain gramineous crops, such as rice and wheat, for
grain production, where they are used as mobile
substrates for grain filling. In rice, less than 48% of
the grain starch-carbon that accumulates before head-
ing is derived from stem NSC.1) In sugar cane and
sorghum, the NSC (mainly soluble sugars) in the stem
is used by the sugar industry or is fed to animals. NSC
is easily extracted and converted to fermentable sugars
(such as sucrose, glucose, and fructose) by using
conventional saccharification enzymes; hence it is a
desirable component for ethanol fermentation. Rice
straw in which starch is accumulated in the stem and
leaf sheath at high levels shows high rates of recovery
of sucrose and free hexose in a simple two-step process
of heat treatment and hydrolysis using conventional
enzyme cocktails.2)

Great efforts have been made to improve the
efficiency of conversion of cell-wall components to
ethanol. Cellulose (�-1-4-glucose) is a major component
of the cell wall. It is surrounded by hemicellulose and
lignin. Hemicellulose, composed chiefly of �-1,3-1,4-
glucan and arabinoxylan in gramineous crops, and
lignin, which is a high-molecular-weight polyphenol,
influence the saccharification efficiency of cellulose by
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affecting the accessibility of cellulose to hydrolysis
enzymes.3,4) Improving the recovery of glucose from
glucan in cell-wall components, particularly those
composed of cellulose and �-1,3-1,4-glucan in the
hemicellulose fraction, is key to the efficient use of
cell-wall components for ethanol production. Although
the development of technologies for the fermentation of
xylan to ethanol has been attempted,5,6) few practical
techniques have been established.

Because the different cell components differ in the
ease with which they can be converted to fermentable
sugars, understanding the diversity of NSC and cell-wall
components, bearing in mind their productivity in the
field, is critical to the development of an optimal
breeding strategy for crops suitable for bioethanol
production, but, integrated information of this kind
across crop species is limited. The aim of this study was
to clarify the range of variation in the contents of NSC
and cell-wall components (hemicelluloses, cellulose,
and lignin) in the stem of field-grown gramineous crops
(rice, sugar cane, and sorghum) by serial extraction
methods. We analyzed the interrelationships of the
components and their underlying physiological factors,
with a particular focus on rice. In addition, we compared
the total yields of NSC across crop groups, considering
biomass productivity. We discuss the potential suitabil-
ity of each crop for bioethanol production on the basis of
the crop’s carbohydrate composition and agronomic
characteristics.

Materials and Methods

Plant materials.

Rice. Seventeen rice (Oryza sativa L.) cultivars (Table 1) were

grown in a paddy field at the National Institute of Crop Science of the

National Agriculture and Food Research Organization in Tsukubamirai

(lat. 36�020N, long. 140�040E), Ibaraki, Japan, in 2007. The cultivars

selected varied in genetic groups, such as japonica and indica, and also

in their characteristics for agronomic use. They included commercial

cultivars used for grain and animal feed, and landraces with high

biomass productivity. The cultivars were selected from the core

collection of Genebank at the National Institute for Agrobiological

Science in Tsukuba, Japan. Seedlings (20 old) were transplanted in

May, and were collected at heading (50% heading) in August, and at

the mature stage in September 2007. As a basal dressing, chemical

fertilizer was applied at rates of 12.0 gm�2 (P2O5 and K2O) and

12.0 gm�2 (N as slow-release fertilizer). The experiment was designed

with three randomly arranged replicates (79m2 for each replicate). The

plants were grown at a density of 22.2 (15 cm� 30 cm) hills per square

meter, with one plant per hill. Some cultivars did not reach maturity for

their photosensitivity. The plants were separated into leaves, stem plus

leaf sheaths, and panicles. Clum plus leaf sheaths were used to measure

the NSC and cell-wall components.

Sugar cane. Ten clones of sugar cane (Saccharum officinarum L.)

and a related genus, Erianthus clone (Erianthus arundinaceus J.)

(Table 1) were grown in a field at the National Agricultural Research

Center for the Kyushu-Okinawa Region of the National Agriculture

and Food Research Organization in Nishino-Omote (lat. 30�440N, long.

131�000E), Kagoshima, Japan. The plants were grown at a density of

6.0 (15 cm� 110 cm) hills per square meter, one plant per hill. They

were planted in April, and samples were collected in December 2007.

Harvest time corresponded roughly to the high sugar accumulation

stage. As a basal and top dressing, chemical fertilizer was applied at

Table 1. Cultures of Rice, Sorghum, and Sugar Cane

Group Cultivar (clone) Species Characteristic
Days from

transplanting to heading

Rice

Takanari Oryza sativa L. Multiple purpose cultivar 86

Momiroman Oryza sativa L. Multiple purpose cultivar 95

Nipponbare Oryza sativa L. Commercial cultivar 94

Koshihikari Oryza sativa L. Commercial cultivar 79

Leafstar Oryza sativa L. Multiple purpose cultivar 104

Shanguichao Oryza sativa L. Multiple purpose cultivar 84

Liang You Pei Jiu Oryza sativa L. Multiple purpose cultivar 94

Hokuriku193 Oryza sativa L. Multiple purpose cultivar 90

Saikai253 Oryza sativa L. Multiple purpose cultivar 111

IR72 Oryza sativa L. High-yield cultivar 93

NPT(IR69093-41-3-2) Oryza sativa L. High-yield cultivar 96

DAHONGGU Oryza sativa L. Landrace 105

HAKPHAYNHAY Oryza sativa L. Landrace 165

PHE HOM Oryza sativa L. Landrace 127

KH. PHE Oryza sativa L. Landrace 127

TEPPANSEN Oryza sativa L. Landrace 135

CHINSURAH BORO 1 Oryza sativa L. Landrace 88

Sorghum

Kyushukou4 Sorghum bicolor (L.) M. Brown midrib (bmr)

SIL-05 Sorghum bicolor (L.) M. Commercial cultivar

HSK-1 Sorghum bicolor (L.) M. Commercial cultivar

Touzankou27 Sorghum bicolor (L.) M. High-biomass cultivar

Sugar cane

Nco310 Saccharum spp. Hybrids Sugar variety

NiF8 Saccharum spp. Hybrids Suger variety

NiTn18 Saccharum spp. Hybrids Suger variety

KRFo93-1 Saccharum spp. Hybrids Feed cariety

Glagah Kloet Saccharum spontaneum L. Wild clone

Robustum5 Saccharum robustum J. Closely related species (Wild clone)

Badila Saccharum officinarum L. Original

Yomitanzan Saccharum sinense R. Original

Chunee Saccharum barberi J. Original

(Erianthus) IJ76-349 Erianthus arundinaceus J. Related genera
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rates of 16, 12, and 15 gm�2 (N, P2O5, and K2O respectively). The

experimental area was 2.2m2 for each clone. The plants were separated

into leaves, stems, leaf sheaths, and panicles. Stems were used to

measure the NSC and cell-wall components. We considered E. ar-

undinaceus to be part of the sugar cane group.

Sorghum. Four sorghum (Sorghum bicolor (L.) Moench) cultivars

(Table 1) were grown at Koshi (lat. 32�530N, long. 130�480E),

Kumamoto, Japan, in an experimental field of the National Agriculture

and Food Research Organization. The plants were seeded at a rate of

4 gm�2 (row distance, 30 cm) in April. Aboveground samples were

taken at heading in November during the second crop of a double

harvest, except in the case of Tozankou27, which was sampled at

heading stage of a single harvest. The first crop (except for

Tozankou27) was harvested in August 2007. As a basal and top

dressing, chemical fertilizer was applied at rates of 16, 12, and

15 gm�2 for N, P2O5, and K2O respectively. The experimental area

was 50m2 for each cultivar. Plants were separated into leaves, stem

plus leaf sheaths, and panicles. Stems plus leaf sheaths were used to

measure the NSC and cell-wall components.

Measurement of NSC and cell-wall component concentrations.

Aboveground samples were dried at 70 �C and separated into leaves,

stems (culm and leaf sheath), and panicles. After the dry weight was

measured, the samples were powdered into approximately 5-mm
particles with a milling machine (TI-100, Fujiwara Scientific, Tokyo,

Japan). The cell wall was fractionated and analyzed by the previously

reported method of Nishitani and Masuda,7,8) with several modifica-

tions. A 100-mg sample was used for each analysis with biological

replications of three, four, and one for rice, sugar cane, and sorghum.

Soluble sugar, including glucose, sucrose, and fructose, was extracted

with 80% ethanol and then detected by high-performance liquid

chromatography (HPLC) (Shimadzu, Kyoto, Japan) equipped with a

corona detector (Corona CAD, ESA Biosciences Inc., Chelmsford,

MA, USA) and with a SP0810 column (Shodex Co., Japan). Water was

used as the mobile phase at a flow rate of 1.0mLmin�1. Starch was

hydrolyzed by �-amylase from porcine pancreas (Sigma, Louis, MO,

USA). Hemicellulose was released by the addition of 4 M potassium

hydroxide and decomposed into monosaccharides by trifluoroacetic

acid. Sugar contents were determined by HPLC under the conditions

described above. With the residue from the hemicellulose extraction,

cellulose and lignin were hydrolyzed by 72% sulfate acid and 2M

thioglycolic acid respectively. The amounts of starch, hemicellulose,

and cellulose in the extracts were quantified by a phenol-sulfuric

acid assay. Absorbance was measured at a wavelength of 490 nm

by a spectrophotometer (DU730, Beckman Coulter, Danvers, MA,

USA) with glucose (Nakalai Tesqu, Kyoto, Japan) as standard. The

lignin concentration was determined by the colorimetric method of

Suzuki et al.9)

Results

Variations in starch and soluble sugars
We found wide variations in NSC concentration

among the crop species and among the cultivars within a
given crop species (Table 2). On average, for each crop
group, sugar cane had the highest NSC concentration, at
29.5%, followed by sorghum at 28.4%. In rice, the NSC
concentration at heading (25.1%) was slightly lower
than that in the sorghum group, and decreased with
maturity (19.9%). The soluble sugar concentration was
highest in the sugar cane group, whereas the starch
concentration and the starch to sugar ratio was highest in
rice, especially at heading.

In the sugar cane group, the commercial clones for
sugar production, Nco310, Nif8, and NiTn18, had the
highest sugar concentrations, followed by Badila. The
starch concentration was less than 5% in all of the clones
in the sugar cane group, except for IJ76-349, an
Erianthus species, the starch concentration of which
was 6%.

The sorghum group showed a wide variation in sugar
concentration, ranging from 14.0% to 36.5%. Among
the sorghum cultivars, SIL-05 had the highest NSC
concentration, owing to its high soluble sugar content.
HSK-1 had the lowest soluble sugar and starch concen-
trations.
In rice, five cultivars, Leafstar, Shanguichao, NPT,

Dahonggu, and Hakphaynhay, had NSC concentrations
greater than 30% at heading. Although the NSC
concentrations at maturity were generally lower than
those at heading, Leafstar, Phe Hom, and Teppansen had
high NSC levels (>30%) even at maturity, and Leafstar
and Teppansen had high starch concentrations. Rice
showed higher starch to soluble sugar ratios than the
other crop groups, with an average value of 1.32 at
heading and 0.82 at maturity. There was also wide
variation in this ratio among the rice cultivars, ranging
from 0.44 to 5.28 at heading and from 0.23 to 2.42 at
maturity. Starch was dominant (starch to soluble sugar
ratio, >1) in eight cultivars at heading. Leafstar showed
the highest starch to sugar ratio at heading and maturity.
On the other hand, NPT and Dahonggu had soluble
sugar concentrations greater than 20% at heading, with a
starch to soluble sugar ratio of <1. Phe Hom and Kh Phe
showed high sugar concentrations (>15%) and low
starch to soluble sugar ratios at maturity.
The NSC concentration in rice decreased from head-

ing to maturity, mainly because of decreasing starch
concentrations. In addition, there were genotypic dif-
ferences in the extent of reduction in starch concen-
tration during the period from heading to maturity. Some
genotypes, viz., Leafstar, Phe hom, Ke Phe, and
Teppansen, showed almost no reduction in NSC con-
centration from heading to maturity. There was a
negative correlation between harvest index (HI) and
NSC concentration (r ¼ �0:79), indicating that the
genotypic variation in the extent of NSC reduction can
be explained partly by translocation from stem to grain
(Fig. 1A). There was also a negative correlation between
HI and the ratios of the NSC (r ¼ �0:63) and starch
(r ¼ �0:71) concentrations at maturity to those at
heading (Fig. 1B).

Soluble sugar composition
The proportions of sugar species in total soluble sugar

are indicated by crop group in Fig. 2. Sucrose was the
major component of the soluble sugar in all the crop
groups, representing 67%, 69%, 54%, and 72% of total
soluble sugar at heading and maturity in rice, sugar cane,
and sorghum, on average, for each crop group. In the
rice and sugar cane groups, the proportions of fructose
and glucose were similar. Fructose represented a larger
portion in the sorghum than in the rice and sugar cane
groups.

Cell wall components
NSC concentration was negatively correlated with the

total concentration of cell-wall components (cellulose,
hemicellulose, and lignin) across all crop species
(Fig. 3), indicating that the variation in cell-wall
components can be explained partly by the variations
in NSC.
The cellulose concentration was similar among crop

groups, but there were large genotypic variations within
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Table 2. Variations in the Concentrations of Nonstructural Carbohydrate (NSC) and Cell-Wall Components

Cell wall components

Group Stage Cultivar (clone)
Soluble Starch NSCa Starch/Soluble

Hemicellulose Cellulose Lignin Lignin/sugar (%) (%) (%) sugar
(%) (%) (%) Cellulose

Rice Heading

Takanari 6.6 16.1 22.7 2.44 19.8 32.7 6.4 0.20

Momiroman 8.1 15.9 24.0 1.96 17.6 30.3 10.6 0.35

Nipponbare 10.5 13.5 24.0 1.29 19.1 30.4 11.1 0.37

Koshihikari 8.6 13.8 22.4 1.60 18.1 31.4 10.4 0.33

Leafstar 5.2 27.3 32.5 5.28 17.5 27.0 8.3 0.31

Shanguichao 14.2 19.2 33.3 1.35 18.9 22.0 7.0 0.38

Liang You Pei Jiu 10.6 5.1 15.7 0.48 19.6 26.4 7.3 0.35

Hokuriku193 13.0 10.3 23.3 0.79 17.4 31.4 7.3 0.23

Saikai253 10.3 13.2 23.5 1.28 19.4 31.6 9.1 0.29

IR72 11.9 7.2 19.1 0.61 20.8 34.6 7.7 0.22

NPT(IR69093-41-3-2) 22.0 12.5 34.6 0.57 18.8 28.7 8.1 0.28

DAHONGGU 20.8 9.2 30.0 0.44 21.2 38.1 8.7 0.23

HAKPHAYNHAY 11.9 18.6 30.5 1.57 12.8 33.4 6.8 0.20

PHE HOM 10.2 9.4 19.6 0.92 16.5 35.7 11.3 0.32

KH. PHE 14.0 9.3 23.3 0.67 18.0 38.4 10.9 0.25

TEPPANSEN 16.9 10.0 26.9 0.59 17.8 30.4 9.4 0.31

CHINSURAH BORO 1 14.5 7.4 21.9 0.51 22.8 36.7 10.5 0.29

Rice Maturity

Takanari 7.8 2.3 10.1 0.29 19.0 36.0 9.8 0.27

Momiroman 7.4 10.3 17.7 1.39 18.0 33.1 8.8 0.27

Nipponbare 10.9 8.8 19.7 0.80 16.6 35.8 8.6 0.24

Koshikari 9.0 8.7 17.7 0.96 16.5 38.4 10.2 0.27

Leafstar 8.9 21.6 30.5 2.42 15.2 32.7 7.9 0.24

Shanguichao 14.4 3.4 17.8 0.23 18.6 29.7 9.8 0.33

Liang You Pei Jiu 9.4 4.2 13.6 0.45 16.6 30.5 8.2 0.29

Hokuriku193 10.5 4.7 15.2 0.44 17.4 30.9 8.3 0.27

Saikai253 9.5 10.2 19.7 1.07 18.2 36.2 8.2 0.23

IR72 8.1 3.2 11.4 0.39 18.9 41.1 7.6 0.18

NPT 12.0 7.4 19.4 0.62 21.7 38.5 10.5 0.26

PHE HOM 19.8 11.8 31.6 0.60 16.0 31.6 11.2 0.34

KH. PHE 18.9 5.1 24.0 0.27 14.8 34.7 10.7 0.31

TEPPANSEN 12.3 17.8 30.0 1.45 18.9 33.2 9.4 0.28

Sorghum

Kyushukou4 24.3 1.5 25.8 0.06 18.6 25.6 10.3 0.40

SIL-05 36.5 5.7 42.2 0.16 13.6 26.3 11.6 0.44

HSK-1 14.0 1.2 15.2 0.09 17.0 37.9 16.1 0.43

Touzankou27 27.6 2.7 30.3 0.10 15.1 32.3 13.3 0.41

Sugar cane

Nco310 40.5 1.4 41.9 0.03 13.0 19.9 10.3 0.52

NiF8 39.6 1.2 40.8 0.03 11.5 21.8 9.5 0.44

NiTn18 38.9 1.6 40.5 0.04 11.6 21.7 11.9 0.55

KRFo93-1 26.1 2.0 28.1 0.08 13.6 26.0 13.7 0.53

Glagah Kloet 6.2 2.0 8.1 0.32 17.1 37.9 19.5 0.52

Robustum5 11.7 0.9 12.5 0.07 20.6 41.8 17.2 0.41

Badila 42.0 0.9 42.9 0.02 11.8 18.6 9.4 0.50

Yomitanzan 35.8 1.6 37.3 0.04 12.5 26.1 10.4 0.40

Chunee 31.8 1.1 32.9 0.04 13.4 31.1 15.2 0.49

IJ76-349 4.3 6.0 10.3 1.41 18.0 42.8 20.7 0.48

Rice Heading

Ave. 12.3 12.8 25.1 1.32 18.6 31.7 8.9 0.29

Max. 22.0 27.3 34.6 5.28 22.8 38.4 11.3 0.38

Min. 5.2 5.1 15.7 0.44 12.8 22.0 6.4 0.20

Rice Ripening

Ave. 11.4 8.5 19.9 0.82 17.6 34.4 9.2 0.27

Max. 19.8 21.6 31.6 2.42 21.7 41.1 11.2 0.34

Min. 7.4 2.3 10.1 0.23 14.8 28.5 7.6 0.18

Sorghum

Ave. 25.6 2.8 28.4 0.10 16.4 30.5 12.8 0.42

Max. 36.5 5.7 42.2 0.16 20.7 37.9 16.1 0.44

Min. 14.0 1.2 15.2 0.06 13.4 25.6 10.3 0.40

Sugar cane

Ave. 27.7 1.9 29.5 0.21 14.3 28.8 13.8 0.48

Max. 42.0 6.0 42.9 1.41 20.6 42.8 20.7 0.55

Min. 4.3 0.9 8.1 0.02 11.5 18.6 6.2 0.40

Values are represented as concentrations per dry weight.
aThe NSC concentration is the sum of the soluble sugar and starch concentrations.
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crop groups (Table 2). The cellulose concentration of
rice varied from 22.0% to 38.4% (average 31.7%) at
heading, and from 28.5% to 41.1% (average 34.4%) at
maturity. The amount of cellulose in the sorghum and
sugar cane groups ranged from 25.6% to 37.9% (average
30.5%) and from 18.6% to 42.8% (average 28.8%)
respectively. The lignin to cellulose ratio of 0.27 to 0.29
in rice was lower than those in sorghum (0.44) and sugar
cane (0.48).

In rice, the hemicellulose concentration tended to
slightly decreased during the period from heading to
maturity, whereas the cellulose and lignin concentra-
tions increased (Table 2). The hemicellulose concen-
tration ranged from 12.8% to 22.8% (average 18.6%) at
heading and from 14.8% to 21.7% (average 17.6%) at

maturity. The hemicellulose concentration was lowest in
Hakphaynhay and highest in Chinsurah Boro1 at head-
ing. Kh Phe and NPT had the lowest and highest values
at maturity, respectively. The lignin concentration range
was 6.4% to 11.3% (average 8.9%) at heading and 7.6%
to 11.2% (average 9.2%) at maturity. At maturity, the
lignin concentration and lignin to cellulose ratio were
lowest in IR72, followed by Leafstar and Nipponbare,
and highest in Phe Hom, followed by Shanguichao and
Kh Phe. Hemicellulose and lignin ranged from 13.4% to
20.7% (average 16.4%) and 10.3% to 16.1% (average
12.8%) respectively in sorghum, and from 11.5% to
20.6% (average 14.3%) and 6.2% to 20.7% (average
13.8%) in sugar cane, respectively (Table 2). In sor-
ghum, Kyusyuko4 tended to have lower lignin concen-
trations than the other cultivars. In the sugar cane group,
the cell-wall component concentrations were lowest in
the commercial clones, NiF8, Nco310, NiTn18, and
Badila.
Variations in the fractions of cellulose, hemicellulose,

and lignin in the total cell-wall components are shown
in Fig. 4. Variation within crop groups was limited.
On average, rice had a higher cellulose concentration
(56.2% at maturity) and a lower lignin ratio (15.1% at
maturity) than did the sorghum and sugar cane groups.

Sugar composition in hemicellulose
The sugar composition in the hemicellulose fractions

is shown in Fig. 5. Variation within crop groups was
limited. Xylose was the dominant sugar species in all
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crop groups, representing more than 65% of the total
sugar content in the hemicellulose. Arabinose and
glucose represented 9% to 14% and 4% to 16%
respectively. Galactose represented <4% in all crop
groups. Rice contained less xylose than did sugar cane
or sorghum due to its higher proportion of glucose and
arabinose. At heading, rice contained relatively high
glucose levels and the lowest level of xylose.

NSC yields
Stem dry weights are shown in Table 3. In rice, the

long-duration cultivars had higher dry weights, but there
were large variations. The relationship between NSC
concentration and NSC yield per area is shown for
soluble sugars and starch in Fig. 6. The yields of soluble
sugar and starch were affected by both concentration and

stem dry weight. There were few obvious negative
effects of high stem dry weight on the concentrations of
soluble sugar or starch. The highest soluble sugar yield
in rice was 346 gm�2 at maturity, with a stem dry
weight above 1,700 gm�2 (Fig. 6 and Table 3). In
addition, the highest starch yield, of over 300 gm�2

with a stem dry weight above 1,800 gm�2, was recorded
at maturity in rice. Commercial sugar cane clones and
two sorghum cultivars (SIL05 and Tozankou27) had
sugar yields higher than 400 gm�2 with stem dry
weights above 1,100 gm�2. The highest NSC yields in
rice were 568 gm�2 at heading and 569 gm�2 at
maturity. The highest NSC yields in the sorghum and
sugar cane groups were 553 gm�2 and 757 gm�2

respectively, among the commercial clones for sugar
production.
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Fig. 5. Relative Compositions of Sugar Species in the Hemicellulose
Fraction.
Symbols represent average values. Vertical bars represent the

range of variation. Rice (H) and Rice (M) represent the values for
rice at heading and maturity respectively.

Table 3. NSC Content and Stem Weighta

Group Stage Cultivar (clone)

Soluble

sugar

(gm�2)

Starch

(gm�2)

NSCb

(gm�2)

Stem

weight

(gm�2)

Rice Heading

Takanari 39.5 96.3 135.8 599

Momiroman 58.5 115.0 173.5 722

Nipponbare 77.6 100.2 177.8 740

Koshihikari 58.1 93.2 151.4 674

Leafstar 55.4 292.3 347.7 1071

Shanguichao 102.1 138.1 240.2 720

Liang You Pei Jiu 95.3 45.9 141.1 897

Hokuriku193 115.2 91.3 206.5 885

Saikai253 118.2 151.5 269.7 1149

IR72 71.9 43.7 115.6 604

NPT(IR69093-41-3-2) 194.5 110.8 305.3 883

DAHONGGU 241.6 106.7 348.2 1160

HAKPHAYNHAY 220.9 346.8 567.7 1862

PHE HOM 191.0 175.9 366.9 1868

KH. PHE 204.4 136.6 340.9 1464

TEPPANSEN 332.1 197.4 529.5 1965

CHINSURAH

BORO 1

160.9 81.5 242.5 1108

Rice Maturity

Takanari 50.8 14.7 65.5 650

Momiroman 55.5 77.3 132.8 750

Nipponbare 74.9 60.2 135.1 684

Koshikari 53.0 50.8 103.7 586

Leafstar 90.0 226.9 316.9 1050

Shanguichao 95.5 22.4 117.9 663

Liang You Pei Jiu 65.8 29.7 95.6 702

Hokuriku193 75.1 33.3 108.5 715

Saikai253 94.5 100.7 195.2 991

IR72 52.6 20.8 73.3 646

NPT 75.8 47.0 122.8 634

PHE HOM 345.5 206.5 552.0 1745

KH. PHE 304.1 81.5 385.6 1609

TEPPANSEN 232.1 336.8 569.0 1893

Sorghum

Kyushukou4 356.1 21.3 377.5 1464

SIL-05 478.9 74.5 553.4 1311

HSK-1 109.2 9.3 118.5 782

Touzankou27 437.6 43.1 480.7 1585

Sugar

cane

Nco310 459.9 15.7 475.5 1136

NiF8 734.3 22.3 756.6 1856

NiTn18 481.4 19.9 501.3 1237

KRFo93-1 196.4 14.8 211.2 752

Glagah Kloet 16.4 5.3 21.6 266

Robustum5 42.9 3.2 46.0 367

Badila 444.8 9.7 454.5 1060

Yomitanzan 241.8 10.6 252.4 676

Chunee 117.7 4.2 121.9 371

IJ76-349 34.2 48.2 82.3 800

aThe soluble sugar, starch, and NSC contents were calculated from the dry

weight of stem and the concentration.
bThe NSC content indicates the sum of the soluble sugar and starch contents.
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Discussion

We examined the variations in the NSC and cell-wall
components of stem with an eye to the potential use of
various crops for bioethanol production. The overall
results demonstrated a wide range of genetic variations
in NSC, soluble sugar, and starch among the crop groups
and within crop groups (Table 2, Fig. 3). Among the
crop groups, soluble sugar concentrations were high in
the sorghum and sugar cane groups, whereas the starch
concentration was high in rice (Table 2). The commer-
cial sugar cane genotypes for sugar production, Nco310,
NiF8, and NiTn18, showed soluble sugar concentrations,
>38%. Badila and Yomitanzan also showed high sugar
concentrations. Sugar accumulation is controlled mainly
by sucrose synthase.10) In general, the sucrose concen-
tration is inversely correlated with dry stem weight.11)

This means that sucrose yield and dry matter production
show a trade-off relationship. In recent years, high-sugar
clones with high biomass and stronger stems have been
developed by improving photosynthesis and canopy
structure, lodging resistance, and cultivation methods.12)

It is interesting that IJ76-349, an Erianthus species, had
a higher starch concentration than the sugar cane clones,
Saccharum species (Table 2). The physiological mech-
anisms of these species differences in starch accumu-
lation are not yet clear. In the sorghum group, SIL-05,
which was bred as a high-sugar genotype, had a high
soluble sugar content. The genetic factors that promote
soluble sugar accumulation are also unclear as yet.
Sucrose was a major soluble sugar in all of the crop
groups examined. The sorghum group had a higher
reducing sugar (glucose+fructose) to sucrose ratio than
the rice and sugar cane groups (Fig. 2). Because
reducing sugars are unstable upon alkaline treatment,
direct saccharification is more suitable for materials
such as sorghum that contain high levels of reducing
sugar. For efficient recovery of sucrose and starch,
together with the carbohydrate derived from cellulose
and hemicellulose, novel simultaneous saccharification
and fermentation systems that use mild alkaline treat-
ment followed by neutralization with CO2 have been
proposed.13)

In rice, some cultivars, such as Leafstar, Shanguichao,
NPT, Dahonggu, and Hakphaynhay showed high NSC
levels at heading (Table 2). The NSC concentration
exceeded 30% at maturity for Leafstar, Phe Hom, and
Teppansen. The NSC yields indicate that maximum
NSC productivity in rice cultivars was comparable to
that of sorghum and sugar cane, except for NiF8
(Table 3). These high NSC concentrations and yields
suggest that rice straw has potential as an easily
fermentable material, as proposed previously.2) Glucose
can be recovered efficiently from rice straw with high
starch accumulation by amylase and aminoglucosidase
after simple heat pretreatment for gelatinization.2,14) Our
study found that the ratio of sugar to starch varied
substantially among rice genotypes (Table 2), indicating
that there are breeding opportunities for diverse starch
and sugar accumulators in the stem.

In the culm and leaf sheath of rice, starch and
soluble sugar accumulate mainly in the amyloplast and
vacuoles of parenchymal cells respectively. Shangui-
chao showed a high soluble sugar content and soluble

sugar to starch ratio during maturity among the
genotypes, whereas in our study Leafstar had high
NSC level (mostly starch) (Table 3). However, the
difference between sucrose and starch in physiological
role as carbon sources in rice is not well understood.
Sucrose is a major transporting carbon form in rice.
The fact that the soluble sugar concentration decreased
to a lesser extent during ripening relative to starch
indicates that starch has a more important role as a
mobile storage carbohydrate. He et al. proposed a role
for the sucrose that accumulates in the stem as a stored
carbon source for grain filling in some genotypes.15) In
our study, NPT, Dahonggu, Teppansen, and Chinsurah
Boro1 had soluble sugar levels of >14:5% and higher
concentrations of soluble sugar than of starch at
heading (Table 2). These genotypes are members of
the japonica group. Our data thus suggest that soluble
sugar has a role in both transporting and storing
carbon, particularly in genotypes of the japonica group.
The differences in the dynamics and physiological roles
of sucrose and starch during ripening need to be
studied further.
NSC accumulates until heading, then decrease toward

maturity, when it is transported to the grain. The
negative correlation between HI and the decreases in the
NSC and starch concentrations during ripening in this
study confirms this role of NSC, especially starch
(Fig. 1). When considering rice straw as a raw material
for bioethanol, yet maintaining the grain as a food
source, NSC enrichment in the stem at maturity with full
grain filling is important. The reduction in NSC levels
during ripening is determined by the balance between
accumulation and consumption. Therefore, increasing
the accumulation until heading and minimizing the
reduction after heading are major strategies for the
enrichment of NSC at maturity. Wide variations in
accumulation were found in this study (Table 2). For
example, Leafstar showed an extremely high NSC
concentration (especially of starch) as compared with
the other cultivars. Reducing consumption during the
ripening period is a trade-off for asmaller grain yield. In
addition, NSC re-accumulate at the end of the ripening
stage.1) This re-accumulation is due to a surplus of
assimilation by photosynthesis over the demand by grain
filling. NSC replenishing ability during grain filling can
be improved by enhancing the maintenance of photo-
synthesis until maturity.
The molecular mechanisms that underlie the coordi-

nation of starch degradation in the stem and the
transportation of sucrose have been documented.15–17)

Genetic analysis of NSC accumulation using indica/
japonica populations indicates that NSC accumulation
is controlled by multiple QTLs (quantitative trait
locus).18,19) Genetic control of accumulation differs
between starch and sugars.16) It would be useful to
clarify further the genetic factors that control the
accumulation of starch and sucrose for efficient breeding
of accumulators.
Compared with major commercial Japanese cultivars

for grain production, such as Koshihikari and
Nipponbare, Leafstar had a lower panicle weight (about
0.7 times) (data not shown) and a much higher starch
yield (2.3 to 3.0 times) at maturity (Table 3). This is due
to its high starch accumulation and high aboveground
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biomass production. Rice cultivars with high biomass
and starch can therefore be useful materials for
bioethanol production.

For NSC to be useful for bioethanol production,
agronomic techniques to improve accumulation must
be established. The use of nitrogen fertilization is an
important factor in increasing the NSC yield. Although
heavy nitrogen application decreases the NSC concen-
tration in some cultivars,20) its effect on the NSC yield of
high-biomass cultivars for forage use has not been
examined. Appropriate nitrogen management strategies,
such as nitrogen levels and timing of top nitrogen
application, are needed to maximize the NSC accumu-
lation, which is a function of biomass production and
NSC concentration.

To use the NSC in the rice stem, post-harvest
processes that preserve the NSC in the stem are critical
to maximize NSC recovery. Since the culm contains
more NSC than do the leaves, a simple method of
separating the culm from the leaves has been devel-
oped.14) Soluble sugar is sensitive to leaching when the
straw is exposed to rain. Starch and sugars can be
sensitive to enzymatic degradation, even post-harvest.
Differences in maintenance after harvest between
soluble sugars and starch should be evaluated when
determining the suitability of these materials for ethanol
production. Suitable drying treatments are needed post-
harvest to minimize starch and sugar degradation.

We saw large variations across crop groups in average
cellulose (28.8% to 34.4%), hemicellulose (16.4% to
18.6%), and lignin (8.9% to 13.8%) levels (Table 2).
There was a negative relationship between NSC and SC
across crop groups, indicating competition between
these two components for the carbon source (Fig. 3).

When cell-wall components were compared in terms
of proportions of total components, we found only minor
variations within crop groups (Fig. 4), indicating that
the cell-wall components are crop-specific. Previous
studies of rice straw found cellulose and hemicellulose
concentrations of 35% to 39% and 25% to 27%
respectively.21,22) Our study found comparable cellulose
levels and slightly lower hemicellulose concentrations
than in those reports (Fig. 4). In sweet and fiber
sorghum, hemicellulose and cellulose represented 10%
to 23% and 12.4% to 41.9% respectively.23–26) Hemi-
cellulose is an important factor when determining the
recovery efficiency of fermentable carbohydrate in crop
straw, for two reasons: first, it is a direct substrate for
fermentable sugar production, and secondly, it influen-
ces the release of glucose from cellulose in saccharifi-
cation. Cellulose is tightly conjugated with networks of
hemicellulose and lignin. The structure and composition
of hemicellulose affect the accessibility of cellulose to
enzymes. In gramineous crops, hemicellulose is com-
posed mainly of arabinoxylan and �-1,3-1,4-glucan. We
found the variation in sugar composition in hemicellu-
lose to be limited within crop groups (Fig. 5), signifying
limited variations in hemicellulose structure within these
groups. The arabinose to xylose ratio was higher in rice
than in sorghum or sugar cane, indicating that the
arabinoxylan of rice is more frequent replaced by
arabinosyl side chains. In addition, the higher ratio of
non-cellulosic glucose in rice than in sorghum or sugar
cane indicates that �-1,3-1,4-glucan levels are higher in

rice than in these other crops. At maturity, rice straw has
0% to 2% �-1,3-1,4-glucan,2) which is potentially easily
fermentable. �-1,3-1,4-glucan be used for grain filling,
because the concentration in the fourth internode
decreases after heading,27) in parallel with an increase
in �-1,3-1,4-glucanase.28) The genetic variations in the
accumulation of �-1,3-1,4-glucan in rice require further
clarification.
In this study, the lignin concentration varied from

6.4% to 11.3%, 10.3% to 16.1%, and 6.2% to 20.7% in
rice, sorghum, and sugar cane respectively (Table 2).
Others have reported lignin concentrations of 15% to
21% in rice,29–31) 20% to 24% in bagasse,32,33) and 15%
in maize.34) Lignin is a polyphenol compound that
prevents the saccharification of cellulose by inhibiting
cellulolytic enzymes. It can be used as an energy source
only by direct burning or gasification. When crop
residues are considered as feedstock for bioethanol
production, inhibition of hydrolysis and saccharification
by lignin must be minimized. Our finding that some rice
cultivars had lower lignin levels and lignin to cellulose
ratios than other crop groups (Table 2) suggests that rice
straw has the advantage of less inhibition due to lignin in
saccharification. Brown-midrib (bmr) mutants of forages
with reduced lignin content35) have attracted agronomic
interest owing to their high digestibility. Some trans-
genic lines of alfalfa that have reduced lignin content
have nearly twice the sugar recovery from cell walls by
saccharification as do wild-type plants.36) In addition,
saccharification efficiency is improved by pre-treatment
to remove lignin in rice and in alfalfa.36,37) Further
investigation of the effects of lignin and the ratio of
lignin to cellulose on saccharification efficiency is
needed.
The composition of the NSC and cell-wall compo-

nents in the stem affects not only the recovery efficiency
of fermentable sugars, but also crop productivity, by
affecting lodging resistance. To achieve high biomass
productivity in the field, lodging resistance is critical.
The physical strength of stems for bending and lodging
is crucial to sustain the stem. In cellulose synthase
catalytic subunit (CesA) gene-defective mutants, a
decreased cellulose concentration is associated with a
decrease in the mechanical strength of the tissue.38)

Lignin and starch are important to lodging resistance in
rice cultivars.39) Further precise study is needed to
clarify the effects of lignin concentration, composition,
and distribution in the tissues on physical strength. In
addition, lignin contributes to resistance against disease
and pest infection.40) Thus a desirable cell-wall compo-
nent for biomass plants must satisfy the need for both
high conversion efficiency of fermentable sugars and
field productivity, with consideration of lodging and pest
resistance.
Rice stems are abundant agricultural residues in Asia.

This study found the wide range of variation in the NSC
and cell-wall components of the rice stem and provides
information regarding the utilization of rice stem as a
feedstock for bioethanol. High sugar levels are advanta-
geous for sorghum, which has wide growth adaptability
under various climate and soil conditions.41,42) These
diversities present numerous options for crop species
selection for bioethanol production, depending on
natural and economic situations.
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