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Abstract

Rice straw can serve as potential material for bioenergy production. However, the quantitative effects of increas-

ing atmospheric carbon dioxide concentration [CO2] on rice straw quality and the resulting consequences for bio-

energy utilization are largely unknown. In this study, two rice varieties, WYJ and LY, that have been shown

previously to have a weak and strong stimulatory response to rising [CO2], respectively, were grown with and

without additional CO2 at China free-air carbon dioxide enrichment (FACE) platform. Qualitative and quantita-
tive measurements in response to [CO2] included straw biomass (including leaf, sheath, and stem), the concentra-

tion of nonstructural and structural carbohydrates, the syringyl-to-guaiacyl (S/G) ratio of lignin, glucose and

xylose release from structural carbohydrate, total sugar release by enzymatic saccharification, and sugar yield and

the ratio of cellulose and hemicellulose degradation. Elevated [CO2] significantly increased straw biomass and

nonstructural carbohydrate contents while enhancing the degraded ratio of structural carbohydrates as indicated

by the decreased lignin content and increased S/G ratio. Overall, total sugar yield (g m�2) in rice straw signifi-

cantly increased by 27.1 and 57% for WYJ and LY at elevated [CO2], respectively. These findings, while prelimin-

ary, suggest that rice straw quality and potential biofuel utilization may improve as a function of rising [CO2].
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Introduction

Climate change and energy security have driven renew-

able energy production to the top of global agendas

(Karp & Shield, 2008). Potentially, plant-based sources

of bioenergy (e.g., ethanol) could lower CO2 emissions

and help mitigate climate change impacts (Cuevas et al.,

2010; Erdei et al., 2010).

Rice is the dominant source of calories for a large por-

tion of the human population (Shimono & Bunce, 2009).

It is cultivated globally in about 160 million hectares; in

addition to a grain production about 740 million tons, it

also produces about ~730 million tons of straw as a

by-product (Wang et al., 2011; FAO, 2014). As demand

for rice is expected to increase in many countries, the

availability of rice straw will also increase (Yoswathana

et al., 2010; Lim et al., 2012).

At present, excess rice straw is often subject to open-

field burning following harvest (Oanh et al., 2011).

Open-field burning wastes energy while resulting in

environmental and public health concerns. Alterna-

tively, rice straw represents a potential resource that

could be used for biofuel and energy production

(Dom�ınguez-Escrib�a & Porcar, 2010; Lim et al., 2012).

For example, it has been estimated that rice straw has

the potential to produce 205 billion liters of bioethanol

per year, equivalent to 5% of current fossil fuel energy

production (Yoswathana et al., 2010).

Rising [CO2] in addition to its role as a greenhouse

gas is the sole source of carbon for photosynthesis, and

its increase has been shown to effect rice growth and

grain yield (Zhu et al., 2014). However, the impact of

rising [CO2] on quantitative and/or qualitative changes

and the subsequent consequences for utilization of rice

straw as a source of biofuel have, heretofore, not been

investigated.

Higher levels of [CO2] could alter rice straw quantity

by stimulating growth, with the degree of stimulation

being cultivar specific (Ziska et al., 1996). Rising CO2
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could also alter rice straw quality. For example, elevated

[CO2] can increase the ratio of carbon to nitrogen

(C : N), alter carbon partitioning between nonstructural

and structural carbohydrates (Liu et al., 2009; Zhu et al.,

2012), and alter the amount of sugar release from struc-

tural carbohydrates (Studer et al., 2011).

A fundamental understanding of how rising [CO2]

affects those biological parameters that, in turn, alter

rice straw production and quality will be of obvious

interest in determining the future utility of rice straw as

a potential biofuel. To identify and quantify these

parameters, we grew two rice cultivars that differ in

[CO2] sensitivity at ambient and elevated [CO2] under

free-air carbon dioxide enrichment (FACE) conditions.

The objectives of this study were to determine (1)

whether, and to what extent, rising [CO2] affects rice

carbohydrate accumulation and sugar release efficiency

for biofuel production and (2) whether any observed

[CO2] effect on biomass and biofuel potential differed

between rice cultivars.

Materials and methods

Site description

The study was conducted at the FACE facility in Zongcun vil-

lage (32°3505″N, 119°4200″E), Jiangdu city, Jiangsu Province.

This facility is situated in the Yangtze River Delta region,

where rice is typically grown in a rice–wheat rotation. The

region is typical of a north subtropical monsoon climate. Soil is

classified as Shajiang Aquic Cambiosol with a sandy loam tex-

ture. Soil properties at a depth of 0–15 cm are as follows: bulk

density 1.16 g cm�3, soil organic carbon 18.4 g kg�1, total

nitrogen 1.45 g kg�1, available phosphorous 10.1 mg kg�1,

available potassium 70.5 mg kg�1, and pH 6.8.

FACE system

Details about the FACE facility have been described previously

(Okada et al., 2001; Zhu et al., 2008). In brief, three rectangular

paddy fields were used due to their uniformity in growth and

yield. Within each field, a FACE plot was paired with an ambi-

ent control, and plot centers were 90 m apart to avoid move-

ment of additional [CO2] to the ambient plots. Each FACE plot

was encircled with an octagonal ring (14 m in diameter) with

emission tubes that injected pure CO2 at 30 cm above the plant

canopy. Emission tubes were raised as the canopy grew to

maintain the [CO2] set point at the top of the plant canopy.

Ambient control plots did not receive any supplemental CO2.

The CO2 set point in FACE plots was 200 lmol moL�1 above

that of ambient control plots. Carbon dioxide release was con-

trolled by a computer program with an algorithm based on

wind speed and direction to keep the target CO2 concentration

within the FACE plot. During the 2012 and 2013 seasons, aver-

age daytime [CO2] at canopy height during the experiment was

378 and 374 for the ambient rings, and 571 and

584 lmol moL�1 for elevated FACE rings, respectively. The

average temperature during the growing stage was ranging

from 24.4 °C to 24.8 °C, respectively.

Rice cultivation and sample pretreatment

Two rice (Oryza sativa L.) varieties, Wuyunjing21 (WYJ, Japa-

nese inbred) and Liangyou084 (LY, Indica hybrid), were

selected. Seeds of each line were sown on May 20, and seed-

lings were transplanted on June 21 in 2012 and 2013. The spac-

ing of the hills was 16.7 cm 9 25 cm (equivalent to

24 hills m�2). The heading dates of LY and WYJ, respectively,

were Aug 21 and Aug 25 in 2012, and Aug 20 and Aug 24 in

2013. Both lines were harvested on October 10 and October 17

in 2012 and 2013, respectively. Yield was measured from a

2-m2 patch (excluding plants in the borders) for each subplot

(Yang et al., 2009; Zhu et al., 2014).

Phosphorus and potassium (9 g m�2) were applied as basal

fertilizers before transplanting. Total nitrogen fertilizer was

22.5 g m�2, with 40%, 30%, and 30% of the total amount

applied before transplanting, tillering, and heading, respec-

tively. Paddy fields were submerged with water from 13 June

to 10 July, drained several times from 11 July to 4 August, and

then flooded with intermittent irrigation from 5 August to

10 days before harvest. Herbicide and pesticide were applied

as follows for the 2012 and 2013 seasons: prevention of rice

stem borer, rice blast and stripe disease using chlorpyrifos, tri-

cyclazole and imidacloprid; prevention of rice sheath blight,

rice blast, Cnaphalocrocis medinalis and Chilo suppressalis

using Fiponil, chlorpyrifos and sheath blight bane on; preven-

tion of Cnaphalocrocis medinalis, panicle neck disease, rice

plant hopper and leaf blight using Armure and Fiponil, valida-

mycin and buprofezin; and prevention of ear disease and rice

planthopper using tricyclazole, fenobucarb and chlorpyrifos.

As climates between years were similar, and management

practices remained the same in 2012 and 2013, samples col-

lected from 2012 to 2013 were combined for analysis.

Nonstructural and structural carbohydrates

Sucrose, free glucose, and fructose were determined using a

carbohydrate kit (Sigma-Aldrich, USA ) and starch was mea-

sured using the starch (HK) assay kit. b-1, 3-1, 4-glucan was

measured with glucan (mixed linkage) assay kit (Megazyme

international, Ireland). Cellulose, hemicellulose, and lignin

were measured as previously described (He et al., 2008). After

enzymatic hydrolysis, the released glucose and xylose were

measured using the glucose assay kit and monosaccharides kit

(Sigma-Aldrich).

S/G ratio

Syringyl-to-guaiacyl (S/G) ratio of lignin was analyzed as

described before (Studer et al., 2011). Briefly, � 4 mg of ground

straw material was pyrolyzed for 2 min at 500 °C (CDS Pyrop-

robe 5200, Australia). Pyrolysis vapors were entrained in

helium flowing at 2 L min�1 to a mass spectrometer

(Agilent 5975C, USA). Spectra were read over a mass-to-charge
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ratio (m/z) range from 30 to 450 using 22.5-eV electron impact

ionization. S/G ratio of lignin was determined by summing up

the intensity of the peaks at 154, 167, 168, 182, 194, 208, and 210

and dividing the sum of intensity of guaiacyl peaks at 124, 137,

138, 150, 164, and 178.

Pretreatment and enzymatic hydrolysis

For quantification of nonstructural carbohydrates, samples of

rice straw (300 mg) were placed in plastic tubes and 3 mL dis-

tilled water added. The tubes were heated to 100 °C for 10 min

while agitating every 2 min with a vortex mixer. Sodium acetate

buffer (3 mL, pH 4.8) with amyloglucosidase (1 mg,

60 units mg�1, Sigma, USA) and b-glucosidase (0.5 mg,

30 units mg�1, Solarbio, China) was then added and the tube

incubated on a shaker at 50 °C for 50 rpm. After 4 h of digestion,

the tubes were centrifuged at 12 000 g for 10 min and the liber-

ated glucose was measured. The total recovery of glucose after

enzymatic hydrolysis was estimated as the amount of liberated

glucose plus the amounts of free glucose, fructose, and sucrose.

After the remaining supernatant was removed, 4 mL pure

water was added twice to wash the remaining soluble sugars.

Then, sodium acetate buffer (5 mL, pH 4.8) with cellulose

(60 mg, 0.93 U mg�1, Sigma) and hemicellulose (40 mg,

2.50 U mg�1, Sigma) was added. Tubes were agitated for

5 min with a vortex mixer, then incubated in a shaker at 50 °C

for 48 h at 50 rpm, and then centrifuged at 12 000 g for 10 min

(Park et al., 2010). Supernatant was used to determine glucose

and xylose concentration in the sample. Each sample was mea-

sured twice.

During the saccharifying progress, cellulose (C6H10O5,

molecular weight: 162) was hydrolyzed to glucose (C6H12O6,

molecular weight: 180). The hemicellulose (C5H8O4, molecular

weight: 132) was hydrolyzed into the xylose (C5H10O5, molec-

ular weight: 150). The degradation ratio of structural carbohy-

drates was calculated according to equations (1) and (2) as

described (Poornejad et al., 2013).

Fig. 1 The average grain yield of 2012 and 2013 seasons for

rice cultivars WYJ and LY under ambient and FACE condi-

tions. The mean was the average of 3 replications (n = 3) � SD.

**P < 0.01, *P ≤ 0.05, †P ≤ 0.1, nsP > 0.1.
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Ratio of cellulose degradation ð%Þ
¼ Glucose produced = ðCellulose in sample � 1:111Þ � 100%

ð1Þ
Ratio of hemicellulose degradationð%Þ
¼Xylose produced=ðHemicellulose in sample� 1:136Þ� 100%

ð2Þ
Total sugar release was determined as follows:

Total sugar release (g per g straw)

¼ Sugars release from nonstructural cabohydrate

þcellulose + hemicellulose(g per g straw)

ð3Þ

Sugar yield of straw was determined as follows:

Total Sugar yield (g perm2)¼Rice strawbiomass (g perm2)

þTotal sugar release (g per g straw)

ð4Þ

Fig. 2 Syringyl-to-guaiacyl (S/G) ratio of lignin within rice

straw for rice cultivars WYJ and LY at maturity under ambient

and FACE conditions for the 2012 and 2013 seasons. The mean

was the average of 3 replications (n = 3) � SD. **P < 0.01,

*P ≤ 0.05, †P ≤ 0.1, nsP > 0.1.

(a) (b)

(c) (d)

Fig. 3 Sugar release from nonstructural carbon (NSC) (a), glucose release from cellulose (b), xylose release from hemicellulose

(c), and total sugar release from nonstructural and structural carbon (d) within rice straw for cultivars WYJ and LY 10 8 at

maturity for ambient and FACE conditions for both 2012 and 2013 seasons. The mean was the average of 3 replications

(n = 3) � SD. **P < 0.01, *P ≤ 0.05, †P ≤ 0.1, nsP > 0.1.
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Statistical analyses

The experiment design was a split-plot factor arranged within

a randomized complete block design with 3 replications (three

rectangular paddy fields) to test for the effect of [CO2] on the

rice carbohydrate accumulation and sugar release efficiency

for biofuel productions. Subplots were blocked by variety lev-

els to test the difference between the two varieties. For statisti-

cal analysis, [CO2] was treated as the fixed-effect whole-plot

factor, variety as the split-plot factor, and block as the random

effect factor. The statistics were derived using a mixed linear

model procedure (SPSS statistical software 19.0, SPSS Inc., USA)

to test the effect of [CO2], variety, and their interactions. The

linear relationship between sugar releases, the ratio of cellu-

lose and hemicellulose degradation to lignin content, and S/G

ratio of lignin was determined using the linear regression

model.

Results

Yield

Elevated [CO2] significantly enhanced the grain yield

for both varieties (Fig. 1). Consistent with previous

studies, the stimulation of yield was larger for LY (37%)

than WYJ (10%). A significant [CO2] 9 cultivar interac-

tion was observed.

Nonstructural and structural carbohydrates and S/G ratio

As shown in Table 1, a large amount of nonstructural

carbohydrates are represented by straw, with starch

and sucrose as the major components in both varieties.

At ambient [CO2], WYJ had similar starch and sucrose

contents, whereas LY had more sucrose relative to

starch (Table 1). At the elevated [CO2] treatment,

starch, sucrose, free glucose, fructose, and b-1, 3-1,

4-glucan contents were significantly increased, and the

total nonstructural carbohydrate content was increased

from 9.27% to 11.40% for WYJ and from 8.4% to

10.92% for LY in response (Table 1). Conversely, cellu-

lose and lignin were significantly reduced at elevated

[CO2] for both varieties, while hemicellulose content

did not change. There was a marginally significant

interactive effect of CO2 and variety on lignin content

(Table 1). S/G ratio of lignin was reduced at elevated

[CO2] (Fig. 2).

(a)

(b)

Fig. 4 Changes in the ratio of cellulose (a) and hemicellulose

(b) degradation for rice straw biomass for rice cultivars WYJ

and LY under ambient and FACE conditions for both 2012 and

2013 seasons. The mean was the average of replications

(n = 3) � SD. **P < 0.01, *P ≤ 0.05, †P ≤ 0.1, nsP > 0.1.

(a)

(b)

Fig. 5 Average rice straw biomass (a) and total sugar yield

[straw biomass (g m�2) 9 total sugar release (g g�1)] by sac-

charification (b) for rice cultivars WYJ and LY under ambient

and FACE conditions for both 2012 and 2013 seasons.

n = 3 � SD. **P < 0.01, *P ≤ 0.05, †P ≤ 0.1, nsP > 0.1.
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Sugar release from nonstructural and structural
carbohydrates

Elevated [CO2] significantly increased the total sugar

release from nonstructural and structural carbohydrates

for both varieties (Fig. 3). Elevated [CO2] tended to

increase the glucose release from cellulose, but there

was only a marginal increase in sugar release for

LY. Elevated [CO2] also increased the amount of xylose

release from hemicellulose for both varieties. Cellulose

degradation was significantly increased for both varie-

ties; however, the degradation of hemicellulose was

only slightly enhanced under elevated [CO2] (Fig. 4).

Straw biomass and total sugar yield from straw

Elevated [CO2] increased straw biomass by 9.2% and

33.3% for WYJ and LY, respectively (Fig. 5). Similar cul-

tivar-specific increases in total sugar yield were also

observed (27.1% and 57.0% for WYJ and LY, respec-

tively).

The relationship between S/G and lignin content to sugar
release

Total sugar release, glucose release from cellulose,

and the ratio of cellulose and hemicellulose degrada-

tion were marginally (P < 0.10) positively correlated

with S/G ratio (Fig. 6a,b,c,e). Total sugar release was

marginally (P < 0.10) negatively correlated with

increasing lignin; however, a significant correlation

was observed for xylose release as lignin content

increased (Fig. 7a,e).

Discussion

The current study indicates that elevated [CO2], by

stimulating vegetative biomass, could enhance the

(a)

(b)

(d)

(c)

(e)

Fig. 6 Total sugar release (a), glucose release from cellulose (b), degraded cellulose ratio (c), xylose release from hemicelluloses (d),

and degraded hemicellulose ratio (e), and their relationship with S/G ratio of lignin within rice straw for rice cultivars WYJ and LY

under ambient and FACE conditions for both 2012 and 2013 seasons. n = 12 [2 CO2 9 2 varieties 9 3 replicates], *P ≤ 0.05, †P ≤ 0.1,
nsP > 0.1.
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potential of rice straw as a bioethanol source in the

future. In addition, the degree of stimulation by ele-

vated [CO2] appeared to be cultivar specific. For exam-

ple, in the current study, the hybrid LY showed a

higher shoot biomass response (+33.3%) than the con-

ventional WYJ variety (+9.2%). Such variation is consis-

tent with other studies that have shown that [CO2]

could enhance shoot biomass from 5% to 39% among

rice lines (Yang et al., 2006; Liu et al., 2008; Shimono

et al., 2009). This variation, in turn, could be considered

in selecting rice lines that could show a stronger vegeta-

tive response to elevated [CO2] (Shimono et al., 2009).

Elevated [CO2] can not only stimulate the amount of

biomass, but also the quality of the biomass produced.

For example, Henning et al. (1996) and Booker et al.

(2005) reported that elevated [CO2] increased the lignin

concentration in sorghum stems; Billings et al. (2003)

showed that elevated [CO2] had no effect on cellulose

and lignin concentration for soybean and four shrub

species; Hall et al. (2005) found that rising [CO2] did not

change the content of cellulose, hemicellulose, and lig-

nin across plant species within a scrub oak community.

Alternatively, Newman et al. (2003) found that rising

[CO2] decreased lignin concentrations of tall fescue. It

has been previously documented that elevated [CO2]

can increase nonstructural carbohydrate accumulation

in stems and leaf blades of C3 crops, including rice (Se-

neweera et al., 2002; Ainsworth et al., 2004). It has also

been demonstrated that elevated [CO2] significantly

increased the content of starch through increasing the

size and number of starch in C3 tissues (Teng et al.,

2006).

For this study, elevated [CO2] also affected straw qual-

ity. Nonstructural carbohydrate was significantly

increased, but structural carbon content was signifi-

cantly reduced, with a subsequent decline in cellulose

(a)

(b)

(d)

(c)

(e)

Fig. 7 Total sugar release (a), glucose release from cellulose (b), degraded cellulose ratio (c), xylose release from hemicellulose (d),

and degraded hemicellulose ratio (e), and their relationship with lignin content within rice straw of WYJ and LY at mature stage

under ambient and FACE conditions for both 2012 and 2013 seasons. n = 12 [2 CO2 9 2 varieties 9 3 replicates], *P ≤ 0.05, †P ≤ 0.1,
nsP > 0.1.

© 2015 The Authors. Global Change Biology Bioenergy published by John Wiley & Sons Ltd., doi: 10.1111/gcbb.12277
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and lignin. Under elevated [CO2], the cellulose content

was reduced, but the degradation of cellulose was

increased as was the glucose release from cellulose,

especially for LY. Interestingly, the hemicellulose

content was unaffected by [CO2], but the ratio of

degradation of hemicelluloses was enhanced. The

amount of xylose release from hemicellulose was also

significantly enhanced with elevated [CO2]. Previous

studies have demonstrated the possible mechanism of

cell wall traits, anatomy, and biochemistry associated

with resistance to carbohydrate degradation. A common

assumption was that high lignin content adversely

affected enzymatic hydrolysis (Chang & Holtzapple,

2000; Dien et al., 2006). Furthermore, S-rich lignin is

more reactive to be degraded (Stewart et al., 2009; San-

nigrahi et al., 2010). In this study, decreased lignin con-

tent and increased S/G ratio under elevated [CO2] could

have also altered the rate of straw degradation. How-

ever, the differential response of hemicellulose content

relative to cellulose and lignin content within rice straw

in response to elevated [CO2] requires further study.

Overall, in contrast to biomass and straw production,

similar enhancement of total sugar release from straw

was observed for both lines (e.g., 16.4% for WYJ and

17.8% for LY) in response to [CO2]. Selection for total

sugar release may be possible in response to elevated

[CO2], but a larger range of cultivars will need to be eval-

uated.

To the best of our knowledge, this is the first study

that has quantified [CO2]-induced changes in rice straw

in the context of its utility as a biofuel source. Although

there is merited interest in the impact of rising [CO2] on

grain yield, less is known with respect to how [CO2]

can alter bioethanol production. Yet, given the impor-

tance of rice cultivation globally, rice straw could,

potentially, represent a large, potential energy source.

In this context, we would argue that it is important to

evaluate how rising [CO2] could influence growth of

other major crops and the subsequent potential of those

crops for biofuel. We would suggest that other crop

FACE studies (soybean and maize-FACE of USA; bar-

ley, wheat, and maize-FACE of Germany, wheat-FACE

of Australia, rice and wheat-FACE of China, and rice-

FACE of Japan) could be used to accumulate a database

on how elevated [CO2] alters biofuel production of

major crops globally.
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