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ABSTRACT
Production of bioethanol from rice straw has attracted attention from the point of effective use of

agricultural residue. Starch content is an important determinant for bioethanol production from Revised 7 September 2017
rice straw. The overexpression of CO,-responsive CCT protein (CRCT), which is the positive regulator of Accepted 2 October 2017
starch synthesis in vegetative organs, notably increased the starch content in rice straw. To produce KEYWORDS

the bioethanol from rice straw, the dilute acid pretreatment is a general pretreatment method. Bioethanol production; CRCT:
Importantly, the glucose yields in liquid hydrolyzate after dilute acid pretreatment was markedly grain yield; Oryza sativa;
increased in the CRCT overexpression lines compared with non-transgenic rice. In addition, the starch

overexpression of CRCT enhanced the biomass production. In contrast, CRCT did not affect on the
glucose yields from cellulose in acid-insoluble residue obtained after dilute acid pretreatment.
With respect to byproduct in liquid hydrolyzate which inhibits the fermentation, the formic acid
content was increased, whereas the furfural, 5-hydroxymethylfurfural and acetic acid contents were
unchanged by the overexpression of CRCT. These results demonstrate that genetic engineering of
CRCT is an effective method to increase the bioethanol production from rice straw.

CLASSIFICATION
Crop Physiology

1. Introduction treated as agricultural waste (Kim & Dale, 2004). However,
rice straw is mostly composed of polysaccharide such as
cellulose and starch which can be useful for bioethanol
production (Arai-Sanoh et al., 2011). Therefore, rice straw
has attracted attention as a raw material for bioethanol
production (Binod et al., 2010; Hattori & Morita, 2010;
Sarkar et al., 2012). To produce the bioethanol using rice

straws, polysaccharide must be hydrolyzed to fermenta-

Atmospheric CO, concentration has been increased since
industrial revolution and reached 400 ppm on 2015. In order
to reduce an increase in the atmospheric CO, concentration
and the CO, emission from fossil fuel consumption, shift
from the petrochemical industry to the natural resource
industry using plant biomass is considered as an effective
strategy. Recently, the biofuels have received a great deal

of attention in terms of carbon neutral (Kim & Dale, 2004).
However, maize, sugar cane and cassava which have been
used for bioethanol production are very important food
crops, and then bioethanol production have developed a
business competition with food supply. Given these facts,
the development of biomass which does not compete with
food supply is required for future bioethanol production.
Rice is one of the most important crops for staple food
and its production is third following maize and wheat in
the world. The amount of production of rice straw is more
than 700 million tons in the world while most of it has been

ble sugars such as glucose. Starch is relatively susceptible
to hydrolysis by acids and suitable substance for ethanol
fermentation. On the contrary, cellulose cannot be easily
hydrolyzed by acids and is needed the catalysis by cellu-
lase. However, cellulose forms a highly crystalline struc-
ture and robust cell walls with hemicellulose and lignin so
that cellulose in cell walls is highly resistant to enzymatic
hydrolysis. Thus, pretreatment is essential to break the cell
wall structure of lignocellulose biomass and various pre-
treatment methods have been developed to improve the
efficiency of cellulose hydrolysis (Alvira et al., 2010).
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Development of useful plants is an effective way to
increase bioethanol production as well as processing step
of plant materials. The most promising class of mutants
are the brown midrib mutants which have brown vascular
tissue in the leaves and stem as a result of changesin lignin
composition in cell walls (Vermerris et al., 2007). Brown
midrib mutants of maize and sorghum have been used
as feedstock because they are easy to process. Recently,
brown midrib mutants were applied for bioethanol pro-
duction (Vermerris et al., 2007). Several studies have also
reported the improvement of the bioethanol production
by genetic engineering of plants. For example, Fu et al.
(2011) demonstrated that the knockdown of caffeic acid
O-methyltransferase gene related to lignin biosynthesis
decreased the lignin content and increased the bioethanol
production in switchgrass. In contrast, the starch contents
in plants have not been a target of the improvement of the
bioethanol production by breeding and genetic engineer-
ing even though it is a determinant of glucose content
in liquid hydrate after dilute acid pretreatment (Teramura
et al, 2013).

In our previous study, we showed that a novel
CONSTANS, CONSTANS-like and TOC1 (CCT) domain-con-
taining protein, named COz-responsive CCT Protein (CRCT),
is a positive regulator of starch synthesis in vegetative
organ of rice (Morita et al,, 2015). Interestingly, the over-
expression of CRCT greatly increased the starch content
of straw in rice. Thus, it is likely that the overexpression of
CRCT can be useful for bioethanol production from rice
straws. However, the productivity of bioethanol using rice
straw can be determined by many factors such as utiliza-
tion efficiency of cellulose in cell wall, biomass produc-
tion and grain yield as well as starch content in rice straw.
Therefore, it is necessary to analyze the biomass character-
istics of CRCT overexpression line in detail in order to clarify
whether the overexpression of CRCT is an effective way
to improve the productivity of bioethanol. In this study,
using CRCT overexpression lines and knockdown line, we
demonstrated that the overexpression of CRCT markedly
enhanced the glucose yield from rice straws by increasing
the starch content and biomass production.

2. Materials and methods
2.1. Plant materials and growth conditions

Non-transgenicrice (Oryza sativa L. cv. Nipponbare), CRCT
overexpression lines and CRCT RNAi knockdown line were
used in this study (Morita et al., 2015). In CRCT overexpres-
sion lines, the full length coding region of CRCT cDNA was
constitutively overexpressed using rice actin promotor.
In knockdown line, RNAi constract containing 3'UTR of
CRCT were constitutively expressed using maize ubiquitin

promoter. Rice plants were grown in soil under natural
light and flooding conditions in a temperature-controlled
greenhouse (30 °C day and 23 °C night). Rice seedlings at
the 4.5 leaf stage were transplanted into 1/5000 a pots
supplemented with a chemical fertilizer (N:P:K = 8:8:8) at
.3g N, adelayed release nitrogen fertilizer at 1.0 g, a micro-
nutrient fertilizer at .15 g, and a silica at 4 g. After 60 days
after transplanting, the chemical fertilizer was applied as
top dressing at .16 g N per pot.

At 50 days after flowering, all panicles were removed
from plants. Then, the straws were harvested just above
ground levels. The straws and the panicles were dried at
80 and 50 °C, respectively, for 3 days. Then, dry weight and
panicles number were determined. After hand-threshing
panicles, the number of spikelets were counted. All spike-
lets were divided into filled and unfilled grains by soaking
in sodium chloride solution (specific gravity = 1.06), and
then grain filling ratio was determined. Thousand-grain
weights were determined by measuring the brown rice
weights. The rice straws were powdered using a Shake
Master Auto grinding apparatus (BioMedical Science Co.,
Ltd., Tokyo, Japan) and used for subsequent analysis.

2.2. Dilute acid pretreatment

Dilute acid pretreatment was performed according to
Teramura et al. (2013). The powder straw (6 g) was sus-
pended in 80 ml of 1% (w/v) sulfuric acid solution, and
incubated at 180 °C for 45 min with agitation at 200 rpm
in a laboratory scale thermostirrer (HME-19G-U; Koike
Precision Instruments, Kawasaki, Japan). After pretreat-
ment, the mixture was separated into liquid hydrolyzate
and acid-insoluble residue by filtration using filter paper
(No.1; ADVANTEC, Tokyo, Japan). The acid-insoluble res-
idue was suspended with deionized water, neutralized
to pH 7.0 by the addition of calcium hydroxide powder
and washed with deionized water. Then, the insoluble
residue was dried and weighted using an electric balance
(XS105DU; METTLER TOLEDO, Greifensee, Switzerland).
The liquid hydrolyzate was neutralized and adjusted to
pH 5.0 by the addition of calcium hydroxide powder. The
sugar content in the liquid hydrolyzate was determined
by GC-MS as described below.

2.3. Determination of sugar content

Sugar content was determined as described Matsuda et
al. (2011). Equal amounts (1.5 pL) of liquid hydrolyzate and
.1% (w/w) ribitol were added to tubes and dried using a
vacuum concentrator (7,810,010; Labconco, Kansas City,
MO). The resultant residue was dissolved in 100 pL of a mix-
ture of 20 mg mL™" of methoxyamine hydrochloride in pyri-
dine and incubated at 30 °C for 90 min. After incubation,



50 pL of N-methyl-N-trimethylsilyltrifluoroacetamide
(MSTFA) was added to the sample solution and incubated
at 37 °C for 30 min. Aliquots of sample solutions (10 uL)
were subjected to gas chromatography-mass spectrom-
etry (GC-MS-2010 Plus; Shimadzu, Kyoto, Japan) under
the following conditions: column, Agilent CP-Sil 8CB-MS
(30 m x .25 mm); carrir gas, helium; injection temperature,
230 °C; oven temperature, 80 °C at t = 0 to 2 min, then to
330°Cat 15°Cmin~".

2.4. Compositional analysis of raw biomass and
acid-insoluble residue

The compositions of biomass samples were determined
according to the previous report based on National
Renewable Energy Laboratory analytical method (Sluiter
etal., 2011; Teramura et al., 2013). In the first step, 3 ml of
72% (w/v) sulfuric acid was added to 300 mg of dried raw
biomass or acid-insoluble residue, and incubated at 30 °C
for 2 h.In the second step, the mixtures were diluted to 4%
(w/w) sulfuric acid with deionized water and autoclaved
at 121 °Cfor 1 h. The contents in hydrolysis solution were
determined by GC-MS under the conditions described
above.

To release starch from raw biomass, 750 uL of .5 M NaOH
was added to 75 mg of dried raw biomass and incubated at
room temperature for 20 min. After removal of the residue,
the sample solution was neutralized and adjusted to pH 5
by the addition of .5 M acetic acid, and diluted ten-times
with deionized water. Hundred microliters of enzyme mix-
ture containing 8 units a-amylase (Wako Pure Chemical
Industries Ltd. Tokyo, Japan) and 13 units glucoamylase
(Wako Pure Chemical Industries Ltd.) in .5 M sodium ace-
tate was added to 100 pL sample solution and incubated at
50°Cfor 1 h. Liberated sugars were determined by GC-MS
under the condition described above.

2.5. Enzymatic saccharification

Enzymatic saccharification of acidinsoluble residue
was conducted according to the method described by
Teramura et al. (2016). Ten percent (w/v) acid-insoluble
residue was digested by 6.6 filter paper units (FPU) g~!
dry weight cellulase (Celic CTec2, Novozyme, Bagsvaerd,
Denmark) in .3 M citrate buffer (pH 4.8). Tetracycline
(40 ug mL™") and cycloheximide (30 ug mL™") were added
to the cellulase reaction mixture to prevent microbial
growth. The reaction mixture was incubated at 50 °Ciin an
organic synthesizing apparatus (PPS-2000, Tokyo Rikakikai,
Tokyo, Japan) with agitation at 120 rpm for 72 h. Cellulase
reaction was stopped by rapid chilling on ice, followed by
centrifugation at 20,000 x g for 10 min at 4 °C. The sugars
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in the supernatant were analyzed by GC-MS as described
above.

2.6. Determination of byproduct contents

The contents of byproduct of dilute acid pretreatment
were measured as described Matsuda et al. (2011). Acetone
(900 L) was added to 100 pL of liquid hydrolyzate and
mixed thoroughly. The sample mixture was then cen-
trifuged at 20,000 x g for 10 min at room temperature.
The supernatant (10 pL) was subjected to GC-MS analysis
(GC-MS-2010plus; Shimadzu). 5-Hydroxymethylfurfural
(5-HMF) and furfural were analyzed under the following
condition: column, Agilent CP-Sil 8CB-MS (30 m X .25 mm);
carrier gas, helium; injection temperature, 250 °C; oven
temperature, 50 °C at t = 0-5 min, then increased to 280 °C
at 20 °C min~". Acetic acid and formic acid were analyzed
under the following condition: column, Agilent DB-FFAP
(60 m x.25 mm); carrier gas, helium; injection temperature,
250 °C; oven temperature, 100 °C at t = 0 to 5 min, then
increased to 230 °Cat 10 °C min~".

3. Results and discussion

3.1. Effects of CRCT expression levels on glucose
content in liquid hydrolyzate of rice straw

The straws of CRCT transgenic lines were pretreated with
dilute acid, and then the glucose and xylose contents in
liquid hydrolyzate and the weight of acid-insoluble resi-
due were determined (Figure 1). The glucose content of
non-transgenic rice was approximately 7.5 g L='. Notably,
the glucose contents of CRCT overexpression lines were
17.8-21.8 g L', and hence were 2-3 times higher than
that of non-transgenic rice. In contrast, the glucose con-
tent of CRCT knockdown line was significantly lower than
that of non-transgenic line, which was 4.4 g L™". The xylose
contents of CRCT overexpression lines were significantly
decreased, while that of CRCT knockdown line was com-
parable with that of non-transgenic rice. The weight of
acid-insoluble residue of CRCT transgenic lines exhibited
a similar tendency in the case of xylose content, i.e. the
weight of acid-insoluble residue of CRCT overexpression
lines were significantly decreased compared with that of
non-transgenic rice. According to Teramura et al. (2013),
the glucose contents in liquid hydrolyzate were deter-
mined by the constituents of the rice straw, especially
starch.The xylose contents were mostly determined by the
contents of hemicelluloses. Therefore, the composition of
rice straws of CRCT transgenic lines was analyzed (Table
1). As expected from the results of Morita et al. (2015), the
starch contents of CRCT overexpression lines were greatly
increased compared with that of non-transgenic rice. In
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addition, the cellulose contents of CRCT overexpression
lines tended to be higher than that of non-transgenic
rice. On the contrary, the hemicellulose contents and
acid-insoluble lignin contents of CRCT overexpression
lines were significantly decreased compared with those
of non-transgenic line. Meanwhile, the changes in these
compositions in knockdown line showed the opposite
trend to those in CRCT overexpression lines.

There have been some studies on the bioethanol
production from rice straw by dilute acid pretreatment.
Glucose content in liquid hydrolyzate of rice straw culti-
vated in Taiwan was reported to be 8.5 g per 100 g dry
weight (DW) (Hsu et al., 2010). However, Teramura et al.
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Figure 1. Soluble sugar contents and pretreatment residue in
hydrolyzate of rice straw.

Notes: Contents of glucose (A) and xylose (B), and weight of acid-insoluble
residue (C) in hydrolyzate after dilute acid pretreatment of rice straw are shown.
Data represent mean + SD of five biological replicates. Asterisks indicate
significant differences between non-transgenic rice and CRCT transgenic lines
using the Student'’s t test (*p < .05, **p <.01). NT, non-transgenic rice; OX1 and
0X2, CRCT overexpression lines; RNAi, CRCT knockdown line.

(2013) reported that glucose contents in liquid hydrolyzate
of rice straw was varied depending on cultivars and ranged
from 5.0 to 24.5 g per 100 g DW among 13 rice cultivars
in Japan. Recently, Goda et al. (2016) reported more thor-
ough research of glucose contents in liquid hydrolyzate
from straws using 208 rice cultivars that there were signif-
icant variations in glucose contents among rice cultivar
and the glucose content of rice cultivar ‘Tachisuzuka’ was
the highest among 208 rice cultivars showing 23 g per
100 g DW. Calculating from the result of Figure 1, CRCT
overexpression lines showed markedly higher glucose
contents in liquid hydrolyzate of straw that the glucose
contents in liquid hydrolyzate of CRCT overexpression lines
were amounted to 23.7-29.1 g per 100 g DW. Thus, the
glucose yields of CRCT overexpression lines were higher
than most of existing rice cultivars. Therefore, it is apparent
that higher glucose yield observed in overexpression lines
should be due to the high starch contents of rice straw.

3.2. Fermentation inhibitor contents in liquid
hydrolyzate of rice straw

The dilute acid pretreatment of biomass generates some
fermentation inhibitors as byproducts (Teramoto et al.,
2008). Therefore, typical byproducts such as furfural,
5-HMF, acetic acid and formic acid were analyzed in
liquid hydrolyzate after dilute pretreatment of rice straw
(Figure 2). The furfural contents and 5-HMF contents in
CRCT transgenic lines were not significantly different from
those of non-transgenic rice. However, the acetic acid
content of CRCT knockdown line was lower than that of
non-transgenic rice. The formic acid contents of CRCT
overexpression lines were higher than that of non-trans-
genic rice. These results indicated that the expression
levels of CRCT affected the byproduct contents such as
acetic acid and formatic acid in liquid hydrolyzate.
Teramura et al. (2015) suggested that 5-HMF and for-
mic acid in liquid hydrolyzate were likely derived from
the hydrolytic reaction of starch to glucose during dilute
acid pretreatment. In this study, the formic acid contents
of CRCT overexpression lines which showed high starch
content in stem were significantly increased compared
with that of non-transgenic rice. Thus, it is considered
that high glucose production in CRCT overexpression lines
simultaneously increased the formic acid contents in liquid

Table 1. Composition of constituents in rice straw of CRCT transgenic lines.

Plant Glucan (%) Starch (%) Cellulose (%) Hemicellulose (%) Acid-insoluble lignin (%) Acid-soluble lignin (%) Total (%)
NT 352+15 34+ 4 31.8+15 123+ .4 199+ .2 1735 846+ 1.6
(0)4 40.1+1.9" 6.8+1.2" 334+1.1 10.2+.9" 157 +1.7" 172+ 4 833+24
0OX2 462 +43" 73+.8" 389+44" 107 +.9" 13.3+.8" 174+ 3 87.6+25
RNAi 30.8+24" 1.2+.3" 296 +2.6 146 +1.3" 240+19" 16.8+.2 86.2+2.8

Notes: Glucan indicates the sum of starch content and cellulose content. Total indicates the sum of all constituent contents. Data represent mean =+ SD of five
biological replicates. The representation of statistical significance and plants are the same as in Figure 1.
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Figure 2. Fermentation inhibitor contents in hydrolyzate of rice
straw.

Notes: Contents of furfural (A), 5-HMF (B), acetic acid (C) and formic acid (D)
in hydrolyzate after dilute acid pretreatment of rice straw are shown. Data
represent mean = SD of five biological replicates. The representation of
statistical significance and plants are the same as in Figure 1.

hydrolyzate. The generation of fermentation inhibitors is
considered to be inevitable in dilute acid pretreatment.
Thus, it is proposed that the development of yeast strain
resistant to fermentation inhibitors (Hasunuma et al.,
2011; Zaldivar et al., 2001), the establishment of effective
method for the separation of fermentation inhibitors and
the improvement of pretreatment methods to reduce the
generation of fermentation inhibitors would be necessary
to solve this problem.

3.3. Saccharification efficiency of acid-insoluble
residue

To clarify the effects of CRCT expression levels on the glu-
cose yield from acid-insoluble residue, the saccharification
efficiency of cellulose by cellulase in acid-insoluble resi-
due of CRCT transgenic lines were analyzed (Figure 3).The
saccharification efficiency was 49.4% in non-transgenic
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NT OX1 OX2 RNAi

Saccharification efficiency (%)

Figure 3. Saccharification efficiency of acid-insoluble residue.
Notes: Data represent mean + SD of five biological replicates. The
representation of statistical significance and plants are the same as in Figure 1.

rice. The CRCT overexpression lines showed similar sac-
charification efficiency with non-transgenic rice which
was approximately 50%. The saccharification efficiency of
CRCT knockdown line was 42.7% which was significantly
lower than that of non-transgenic rice. The carbohydrates
and lignin composition of acid-insoluble residue of CRCT
transgenic lines were almost unchanged compared with
non-transgenic rice (Table 1). Although the overexpression
of CRCT markedly increased the glucose yield from liquid
hydrolyzate, it did not largely affect on the enzymatic sac-
charification of cellulose in acid-insoluble residue.

Teramura et al. (2015) indicated that the compositional
heterogeneity of rice straws among rice cultivars was sub-
stantially reduced by dilute acid pretreatment, which led
to similar glucose yield from acid-insoluble residue. In this
study, the compositional heterogeneities of acid-insoluble
residue of CRCT transgenic lines were substantially lower
than those of rice straws (Tables 1 and 2). Therefore, the
glucose yields from acid-insoluble residue of CRCT trans-
genic lines were considered to be almost similar levels
compared with that of non-transgenic rice.

3.4. Effects of CRCT expression levels on the
biomass production

Biomass production is one of the most important traits for
raw material crop for bioethanol production. Therefore,
the effects of CRCT expression levels on the biomass pro-
duction and grain yield were examined (Table 3). Notably,
the dry weights of straws were increased in CRCT overex-
pression lines. In contrast, the dry weight of CRCT knock-
down line was comparable with that of non-transgenic
rice. However, the grain filling rate and 1000-grain weight
of CRCT overexpression lines were significantly decreased
compared with those of non-transgenic rice. These obser-
vations probably led to the reduction of grain yield in CRCT
overexpression lines. Previous studies demonstrated that
‘Tachisuzuka’ and ‘Leafstar’ could accumulate high levels
of carbohydrates in stems (Matsushita et al., 2011; Ookawa
et al.,, 2010). The glucose contents in liquid hydrolyzate of
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Table 2. Composition of acid-insoluble residue after dilute acid pretreatment.

Acid-insoluble lignin

Plant Cellulose (%) Hemicellulose (%) (%) Acid-soluble lignin (%) Total (%)
NT 525+18 16+ .4 278+.3 72+ 4 89.0+1.7
OX1 512+25 1.1+ 4 29.2+1.1 73+ 4 88.8+25
0x2 50255 13+ 4 276+.5 74+3 86.5+5.7
RNAi 520£16 1.7+£3 269+.5 77+.2 883+13

Notes: Total indicates the sum of all constituent contents. Data represents mean + SD of five biological replicates. The representation of statistical significance and

plants are the same as in Figure 1.

Table 3. Yield and yield components of CRCT transgenic lines.

Plant Straw (g DW)  Brown rice yield (g plant™)

Panicle number  Spikelet per panicle

Grain filling rate (%)  1000-grain weights (g)

NT 47.7+39 252+23 202+3.1
OX1 61.3+£3.27 143 +.57 20.0+1.6
0X2 64.9+6.8" 10.8 +4.3" 19.0+2.0
RNAi 463+23 235+9 248+2.0°

66.3+6.2 83.7+43 228+.2
61.5+34 63.5+25" 185+ .47
56.8+ 5.0 52.7£16.2° 186+ 12"
58.8+5.8 77.3+4.2 21.1+£.27

Notes: Data represents mean + SD of five biological replicates. The representation of statistical significance and plants are the same as in Figure 1.

rice straw after dilute acid pretreatment using these culti-
vars were also very high (Goda et al., 2016; Teramura et al.,
2013). However, as observed in CRCT overexpression lines,
the grain yield of these rice cultivars was significantly low
because of their small panicles (Matsushita et al., 2011).
Thus, it is considered that there should be trade-off rela-
tionship between the glucose content of rice straw and
the grain yield.

4, Conclusion

In this study, we showed that the overexpression of CRCT
strikingly increased the glucose content of rice straw and
biomass. These findings must be valuable for the efficient
production of bioethanol from rice straw. However, as a
disadvantage, the CRCT overexpression lines showed low
grainyield. This defect in yield should be improved and can
be overcome by the modification of genetic engineering.
In our transgenic line, CRCT was overexpressed using the
actin promoter which provides high levels of constitutive
expression (Morita et al., 2015). The constitutive enhance-
ment of starch synthesis could reduce the partitioning of
photoassimilates to the reproductive organ when needed
for its development. However, this can be avoided by using
some promoters which direct specific expression at late
ripening stage to overexpress CRCT. Another possibility is
the improvement of source capacity, i.e. the enhancement
of photosynthesis because the reduction in grain yield was
caused by a deficiency of photoassimilates. Elevated CO, is
known to enhance the photosynthetic rate and grain yield
in most C; plants including rice (Ainsworth & Long, 2005).
Thus, decreased yield observed in CRCT overexpression
lines can be ameliorated by the elevated CO, treatment.
Interestingly, the CRCT overexpression lines showed higher
photosynthetic rate than non-transgenic rice when they

were grown under elevated CO, condition (Morita et al,,
2016). Thus, it is possible that our transgenic lines move
toward goal of the development of rice showing high
starch content in straw and high yield in the future high
CO, environment.
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