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a b s t r a c t
Rice is a typical silicon-accumulating crop with enormous biomass residues for biofuels. Silica is a cell
wall component, but its effect on the plant cell wall and biomass production remains largely unknown.
In this study, a systems biology approach was performed using 42 distinct rice cell wall mutants. We
found that silica levels are signiﬁcantly positively correlated with three major wall polymers, indicating
that silica is associated with the cell wall network. Silicon-supplied hydroculture analysis demonstrated
that silica distinctively affects cell wall composition and major wall polymer features, including cellulose
crystallinity (CrI), arabinose substitution degree (reverse Xyl/Ara) of xylans, and sinapyl alcohol (S) proportion in three typical rice mutants. Notably, the silicon supplement exhibited dual effects on biomass
enzymatic digestibility in the mutant and wild type (NPB) after pre-treatments with 1% NaOH and 1%
H2 SO4 . In addition, silicon supply largely enhanced plant height, mechanical strength and straw biomass
production, suggesting that silica rescues mutant growth defects. Hence, this study provides potential
approaches for silicon applications in biomass process and bioenergy rice breeding.
© 2015 Elsevier Ireland Ltd. All rights reserved.

1. Introduction
Plant cell walls represent a massive biomass source for biofuels and chemicals [1]. As the second generation of biofuel, biomass
conversion into ethanol involves three major steps: physical and
chemical pretreatment, enzymatic digestion, and yeast fermentation [2]. However, lignocellulosic recalcitrance greatly determines
an unacceptably costly biomass process [3,4]. As biomass recalcitrance is determined by plant cell wall composition/features and
wall polymers interlinking styles [5–9], genetic modiﬁcation of
plant cell walls has been proposed as a promising solution to reduce
recalcitrance in bioenergy crops [4]. Meanwhile, due to its complicated structures and diverse biological functions, plant cell wall
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modiﬁcation can simply affect plant growth, mechanic strength and
biomass production.
Plant cell walls are composed mainly of cellulose, hemicelluloses, and lignin [10]. Cellulose crystallinity is reported as a
negative factor on biomass digestibility [11–14], whereas hemicelluloses can negatively affect lignocellulose crystallinity for high
biomass digestibility [15]. Xylans are the major hemicelluloses in
grass plants, and arabinose (Ara) substitution degree of xylan, an
adverse Ara/Xyl (xylose), is a positive factor on biomass sacchariﬁcation in all grass plants examined [16–19]. Furthermore, lignin
level and three major monolignol (p-coumaryl alcohol-H, coniferyl
alcohol-G, and sinapyl alcohol-S) proportions may play dual roles in
biomass enzymatic digestions distinctively in plant species [20,21].
Silicon is the second most abundant element in soil [22], and
plays an active role in plant growth, mineral nutrition, grain yield,
mechanical strength, and environmental stress responses [23]. Silica is the ﬁnal and most prevailing form of silicon deposit in plants
[24–27], and is an important factor on wall-network formation in
plant cell walls [28–30]. In addition, high silica content in rice straw
has been considered as a negative factor on biomass digestibility
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[31,32]. The negative impact of silica may be due to a siliciﬁed
cuticular layer in plant cell walls, or its inhibition to cellulase accession [31]. However, much remains unknown about the physical and
chemical role of silica in plant development and growth, as well as
its effects on biomass enzymatic sacchariﬁcation.
Rice is one of the major food crops around the world and produces large amount of biomass residues [32,33]. Among cereals,
rice is a typically silicon-rich crop with a large variation of silicon
across different organs [34]. Recently, we have selected dozens of
rice homozygous cell wall mutants from the rice T-DNA insertion
mutant pools [35]. As these mutants show a remarkable variation of
cell wall composition and wall polymer features [15], we initially
analyzed the silica level in the mature stems of 42 rice mutants,
and then performed a correlation analysis between silica levels and
cell wall composition/features. Due to a signiﬁcant positive correlation, we then determined the effects of silica on plant growth,
mechanical strength, and biomass enzymatic sacchariﬁcation in
the silicon-supplied hydroponic system using three rice mutants
distinctive in cell wall composition and features.
2. Materials and methods
2.1. Plant materials and growth conditions
A total of 42 rice homozygous mutants derived from japonica
rice ‘Nippobare’ (NPB) were obtained from the Rice Mutant Library
[35]. All plants were grown in the experimental ﬁeld at Huazhong
Agricultural University, Wuhan, China (30◦ 29 N; 114◦ 22 E; 25 m
a.s.l.), and 5–10 individual mature plants were collected for all
trait and chemical analyses. Three rice mutants (Osfc7, Oshc11 and
Oshc12) and their wild genotype NPB as control were grown in
the silicon-supplied hydroponic pots in the greenhouse. Hydroponic solution was prepared as described by Fleck et al. [22], and
silicon was supplied in the form of Na2 SiO3 ·9H2 O with 100 ppm
(820 mol L−1 ). The experiments were independently replicated
two times and each experiment consisted of 20 plants with the
control. Hydroponic pots were randomly placed in the greenhouse,
and the mature stem tissues were collected and dried at 50 ◦ C. The
dried tissues were ground into powder through a 40-mesh screen
(450 m) and stored in a dry container until use.
2.2. Evaluation of agronomic traits
The length of panicle and four internodes was measured with
ﬁve biological replications as plant height. The fourth internode of
rice approximately 30 days after ﬂowering was collected for testing
of plant mechanic strength by electronic rind penetrometer (YYD-1,
Zhejiang Top instrument Co., Ltd., Hangzhou, China), with ﬁve biological replications [36,37]. All mature rice residues (except grain
and roots) were dried in the oven at 60 ◦ C to constant weight, and
weighed as biomass yield with ﬁve biological replications.
2.3. Cell wall fractionation
Polysaccharides (cellulose and hemicelluloses) were extracted
as described by Peng et al. [38] with minor modiﬁcations. The
soluble sugar, lipids, starch, and pectin of the samples were
constantly extracted with potassium phosphate buffer (pH 7.0),
chloroform–methanol (1:1, v/v), DMSO–water (9:1, v/v), and 0.5%
(w/v) ammonium oxalate. The remaining pellet was treated with
4 mol L−1 KOH containing 1.0 mg mL−1 sodium borohydride for
1 h at 25 ◦ C. The combined supernatant was neutralized, dialyzed, and lyophilized as KOH-extractable hemicelluloses. After the
KOH extraction, the remaining pellet was further extracted with
2 mol L−1 TFA (120 ◦ C for 1 h) to determine monosaccharide composition of the non-KOH-extractable hemicelluloses, or extracted
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with H2 SO4 (67%, v/v) for 1 h at 25 ◦ C to determine hexoses as cellulose and pentoses as the non-KOH-extractable hemicelluloses. All
experiments were carried out in biological triplicate.
2.4. Analysis of cell wall composition and characteristics
2.4.1. Colorimetric assay of hexoses and pentoses
Hexoses were analyzed by the anthrone/H2 SO4 method [39],
and pentoses were tested by the orcinol/HCl method [40] using
UV–vis Spectrometer (V-1100D, Shanghai MAPADA Instruments
Co., Ltd., Shanghai, China).
2.4.2. Total lignin assay
Total lignin was determined by the two-step acid hydrolysis
method according to Sluiter et al. [41]. The detailed procedures of
the two-type of lignin assay were previously described by Xu et al.
[13]. All samples were carried out in biological triplicate.
2.4.3. Silica assay
Silica content was measured as described by Zhu and Lin [42].
The dried biomass tissues were ground through 80 mesh screens,
and digested for 30 min in a mixture of NaClO (AR) and 2 mol L−1
NaOH. The samples were then mixed with 1 mol L−1 H2 SO4 , 5%
ammonium molybdate, 5% oxalic acid, and 0.5% ascorbic acid, and
silicon content was photometrically measured under reading at a
wavelength of 810 nm. All experiments were carried out in biological triplicate.
2.4.4. Cellulose crystallinity analysis
X-ray diffraction (XRD) method was applied to detect cellulose crystallinity index (CrI) using Rigaku-D/MAX instrument
(Uitima III, Japan) as previously described by Zhang et al. [14]. The
well-mixed powders of biomass samples were used for CrI measurement, and standard error of the XRD method was detected
at ±0.05–0.15 at p < 0.01 (n = 3) using ﬁve representative samples
covering large scales of CrI.
2.4.5. Hemicelluloses monosaccharide determination
Monosaccharide composition of hemicelluloses samples was
determined by GC–MS as described by Li et al. [16]. The combined
supernatants from 4 mol L−1 KOH fraction were dialyzed for 36 h
after neutralization with acetic acid. The dialyzed KOH-extractable
supernatant or the non-KOH-extractable residue was hydrolyzed
by 2 mol L−1 TFA for free monosaccharide release in a sealed tube at
121 ◦ C in an autoclave for 1 h. Myo-inositol was added as the internal standard for GC–MS (SHIMADZU GCMS-QP2010 Plus) analysis,
and GC–MS analytical conditions were described by Li et al. [16].
2.4.6. Lignin monomer analysis
Lignin monomers were analyzed by HPLC as described by Xu
et al. [13]. Standard chemicals, including p-Hydroxybenzaldehyde
(H), vanillin (G), and syringaldehyde (S), were purchased from
Sinopharm Chemical Reagent Co., Ltd. HPLC analysis conditions
were described by Jia et al. [18], and the detection of the compounds
was carried out with a UV-detector at 280 nm.
2.5. Determination of biomass enzymatic digestibility
2.5.1. Biomass pretreatment
Pretreatment was performed as described by Huang et al. [43]
with minor modiﬁcations.
H2 SO4 pretreatment: The well-mixed powder of biomass sample was added into 6 mL H2 SO4 solution at three concentrations
(0.25%, 1%, 4%, v/v), and heated at 121 ◦ C for 20 min in an autoclave (0.1 MPa) after mixing well. The sample was then shaken at
150 RCF for 2 h at 50 ◦ C, and centrifuged at 3000 × g RCF for 5 min.
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Fig. 1. Correlative analysis between silica and cell wall composition (n = 43). (A) Variation of three major wall polymers and silica level in 42 genetic mutants of rice; (B)
correlation between silica and cell wall composition. Blue line indicated as wild type (WT, NPB). *, Signiﬁcant difference by t-test at p < 0.05, and “r” indicates coefﬁcient
value. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

All supernatants were collected for total sugars (pentoses and hexoses) measurements, and the samples with 6 cm3 distilled water
were shaken for 2 h at 50 ◦ C as control. All samples were analyzed
in biological triplicate.
NaOH pretreatment: The well-mixed powder of biomass sample was added into 6 mL NaOH solution at three concentrations
(0.5%, 1%, 4%, w/v), shaken at 150 RCF for 2 h at 50 ◦ C, and centrifuged at 3000 × g RCF for 5 min. All supernatants were combined
for total sugars measurements, and samples with 6 cm3 distilled
water were shaken for 2 h at 50 ◦ C as a control. All samples were
tested in biological triplicate.
2.5.2. Enzymatic hydrolysis
The pretreated biomass samples were used for enzymatic
hydrolysis as described by Xu et al. [13] and Li et al. [16] with
minor modiﬁcations. The remaining residues from various pretreatments were washed 2 times with 10 mL distilled water, and
once with 10 mL mixed-cellulases reaction buffer (0.2 M acetic
acid–sodium acetate, pH 4.8). The washed residues were incubated
with mixed-cellulases (containing ␤-glucanase ≥ 2.98 × 104 U and
cellulase ≥ 298 U and xylanase ≥ 4.8 × 104 U from Imperial Jade
Bio-technology Co., Ltd.) at a ﬁnal enzyme concentration
of 1.6 g L−1 forthe biomass samples harvested from ﬁeld or
0.8 g L−1 forthe samples collected from hydroculture. During the
enzymatic hydrolysis, the samples were shaken under 150 RCF at
50 ◦ C for 48 h. All supernatants were combined to determine pentoses and hexoses released from enzymatic hydrolysis. All samples
were tested in biological triplicate.
2.6. Scanning electron microscopy (SEM)
The biomass residues were observed by SEM as described by
Li et al. [16]. The biomass samples were pretreated with 1% NaOH
or 1% H2 SO4 , and then hydrolyzed with the mixed-cellulases. The
remaining residues were washed with distilled water six times
until pH 7.0. The surface of biomass sample was observed using
scanning electron microscope (SEM JSM-6380/LV, Hitachi, Tokyo,
Japan).
2.7. Statistical analysis
Superior Performance Software Systems (SPSS 17.0, Inc.,
Chicago, IL) was applied for statistical analysis. Correlation analysis
was conducted using Spearman’s rank correlation at the twosided 0.05 level of signiﬁcance (*p < 0.05, **p < 0.01). The variation

and regression analysis were performed using Origin 8.0 software
(Microcal Software, Northampton, MA).
3. Results
3.1. Positive correlation between silica and cell wall polymers
In this study, we examined a total of 42 rice mutants that had
large alterations in cell wall composition (cellulose, hemicelluloses
and lignin) and silica level in mature straw. For instance, the cellulose content varied from 14.05% to 31.62%, hemicellulose content
from 11.53% to 20.27%, and lignin content from 10.63% to 18.50%
on a dry matter basis, whereas the silica level ranged from 1.45%
to 3.89% (Fig. 1A). Furthermore, we performed correlative analyses
between three major wall polymers and silica in the 42 mutants
and NPB (Fig. 1B). The silica levels were signiﬁcantly positively correlated with the contents of three wall polymers at p < 0.05 with
coefﬁcient values (r) at 0.328, 0.377 and 0.307, respectively.
3.2. Three typical rice mutants with high biomass digestibility
and low silica
Among the 42 rice mutants, we characterized three rice mutants
(Osfc7, Oshc11 and Oshc12) harvested from the experimental ﬁeld
in terms of their cell wall composition and biomass enzymatic
sacchariﬁcation. Osfc7 mutants had a brittle culm and short plant
height, and the stem strength was reduced by 13.94% (Fig. 2B;
Table S1), whereas Oshc11and Oshc12 mutants displayed increased
plant heights (Fig. 2A) and stem strengths increased by 26.36% and
29.41%, respectively (Fig. 2C; Table S1). Notably, the mature straw
of all three mutants had lower silica levels and higher biomass
digestibility than wild type (Fig. 3A and B). Furthermore, three
mutants had increased biomass production by 23.93%, 23.60% and
25.40%, compared to NPB (Fig. 2C, Table S1).
With respect to cell wall composition, Osfc7 mutant showed
a 7.64% decrease in cellulose level, but the hemicelluloses and
lignin contents were increased by 21.98% and 9.06% at p < 0.05 and
0.01, respectively, compared to NPB (Fig. 3A, Table S2). In contrast,
Oshc11 and Oshc12 showed a decreased hemicellulose level without
signiﬁcant difference in cellulose and lignin contents. In addition,
the silica levels of three mutants were reduced by 12.78%, 14.18%
and 28.55% compared to that of NPB.
We also examined biomass digestibility (or sacchariﬁcation) in
the three mutants by calculating the hexoses yield (% dry matter)
released from enzymatic hydrolysis of lignocellulose after various

J. Zhang et al. / Plant Science 239 (2015) 84–91

87

Fig. 2. Agronomic traits of three typical rice mutants and NPB harvested from experimental ﬁeld (n = 5). (A) Plant growth at mature stage; (B) manual bending of matured
stems; (C) three agronomic traits of mature rice mutants and NPB. Signiﬁcant difference by t-test at *p < 0.05 or **p < 0.01, same as following ﬁgures. NPB is wild type, and
Osfc7, Oshc11, Oshc12 arethree rice genetic mutants.

silica levels and high biomass digestibility, three mutants could be
selected as excellent samples to investigate the effects of silica.
3.3. Silica enhances plant growth and biomass production
To test whether silica enhances plant growth and biomass production, we performed hydroculture analysis by adding 100 ppm
silicon (+Si) into the rice pots in the green house. In general, silicon supplementation enhanced plant height, stem strength and
biomass production in both mutants and NPB at p < 0.01 (Table 1). In
particular, Osfc7 and Oshc11 mutants showed dramatic increases in
biomass production, with rates of 68.08% and 90.12%, respectively,
whereas Oshc12 and NPB displayed similar enhancement rates of
49.77% and 50.21%. However, Oshc12 mutants had a higher biomass
yield (17.58/26.33 g) compared to NPB (14.44/21.69 g) (p < 0.01).
Notably, Osfc7 mutants had much shorter plant heights and less
stem strength and biomass production than NPB in the absence of
silicon, but silica enhancement allowed Osfc7 to maintain similar
stem strength and increased plant height and biomass production
(Table S4).
3.4. Silica affects cell wall composition and polymer features

Fig. 3. Cell wall composition and biomass enzymatic digestibility of three rice
mutants and NPB harvested from ﬁeld (n = 3). (A) Cellwall composition; (B) hexoses yields (% dry matter) released from enzymatic hydrolysis after pretreatment
with 1% NaOH or H2 SO4 .

chemical pretreatments. As a result, three mutants exhibited the
increased hexose yields from 15.5% to 66.8% after pretreatments
with NaOH and H2 SO4 at three concentrations (0.25% or 0.5%, 1%,
4%), compared with NPB (Fig. 3B, Table S3). Hence, due to their low

Using hydroculture system, we characterized silica impacts on
cell wall composition and wall polymer features in three mutants
(Fig. 4). In the presence of silicon, the three mutants and NPB
showed distinctively increased cellulose and hemicelluloses contents (p < 0.05 and 0.01), whereas Osfc7 and NPB had increased
lignin levels (Fig. 4A, Table S5). Although Oshc11 and Oshc12 did not
show signiﬁcant changes in lignin, they both maintained lignin levels that were higher than those of Osfc7 and NPB. The cellulose levels
increased from 9.33% to19.29% in four silicon-supplemented samples, whereas the hemicelluloses contents increased from 4.47% to
12.12%. In addition, we detected 25.58–32.85% more silicon uptake
in the three mutants compared to NPB (Table S5).
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Table 1
Variation of agronomic traits of three rice mutants and NPB from silicon-supplied hydroculture.
Sample

Silicon (100 ppm)

Plant height (cm)

NPB

−
+

51.14 ± 1.36
69.06 ± 3.32**

35.04%a

Stem strength (N)
9.04 ± 0.87
13.10 ± 0.41**

44.91%

Biomass production (g)
14.44 ± 0.63
21.69 ± 0.67**

50.21%

Osfc7

−
+

47.52 ± 0.84
67.52 ± 1.56**

42.09%

7.36 ± 0.38
9.24 ± 0.24**

25.54%

10.11 ± 0.95
16.99 ± 1.63**

68.08%

Oshc11

−
+

60.80 ± 1.66
71.28 ± 0.88**

17.24%

9.14 ± 0.33
12.48 ± 0.84**

36.54%

16.30 ± 0.69
30.99 ± 2.18**

90.12%

Oshc12

−
+

65.08 ± 2.81
72.66 ± 1.12**

11.65%

11.48 ± 1.22
13.30 ± 0.81**

15.85%

17.58 ± 0.69
26.33 ± 0.49**

49.77%

Note—* and **, Signiﬁcant difference at pair by t-test at p < 0.05 and 0.01, respectively (n = 5).
a
Percentage of the increased or decreased level at pair: subtraction of two values divided by the value of sample without silicon.

Fig. 4. Analyses of cell wall composition and wall polymer features in three rice mutants and NPB from silicon-supplied hydroculture (n = 3). (A) Cell wall composition:
cellulose, hemicelluloses and lignin; (B) wall polymer features: CrI (%), Xyl/Ara ratio and S/G ratio of non-KOH-extractable biomass residues. Dry matter excluded the silica.
“+Si” Means with 100 ppm silicon and normal nutrient solution and “−Si” with just normal nutrient solution and no any silicon, same as following Figs. 5 and 6.

Furthermore, we detected wall polymer features in the three
mutants including cellulose crystallinity (CrI), arabinose substitution degree of xylan (Xyl/Ara) and monolignol proportion (Tables
S6–S8). We extracted 65–88% of the total hemicelluloses and lignin
using 4 mol L−1 KOH (Table S9) and then used the remaining nonKOH-extractable biomass residues to detect wall polymer features
(Fig. 4B). When supplied with silicon, the three mutants and NPB
showed increased CrI rates (compared to values in the absence of
silicon) from 4.84% to 24.15% in the raw biomass samples (Table
S6). In the non-KOH-extractable biomass residues, only Osfc7 and
Oshc11 maintained increased CrI rates of 13.70% and 3.49%, whereas
Oshc12 and NPB did not show increases in CrI rates in the presence
of silicon.
With respect to hemicelluloses features, three mutants and NPB
exhibited distinct Xyl/Ara values (Table S7), particularly on the
non-KOH-extractable biomass residues (Fig. 4B). In the presence of
silicon, Osfc7 and Oshc11 showed increased Xyl/Ara rates by 6.07%

and 13.14%, respectively (compared to the values in the absence of
silicon), but the rates of Oshc12 and NPB increased to a much lesser
extent by 0.62% and 2.25%. Similar to the cellulose CrI, silicon supplementation caused more variation in Xyl/Ara than hemicelluloses
levels. Notably, silica also had a distinct effect on the proportions
of three major monolignols (Table S8), particularly on S monomer
in the non-KOH-extractable residues (Fig. 4B). Although Oshc11
and Oshc12 did not show altered lignin levels upon silicon supplementation (Fig. 4A), both mutants showed variations in the three
monolignol proportions. In sum, silica distinctively affected three
major wall polymer features in rice mutants and NPB.
3.5. Silica affects biomass enzymatic digestibility
As silica distinctively affected cell wall composition and
wall polymer features, we also determined biomass enzymatic
digestibility of mature stems in three mutants upon chemical pre-
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Fig. 5. Analysis of biomass enzymatic digestibility in three rice mutants and NPB from silicon-supplied hydroculture. (A) Pretreatment with 1% NaOH; (B) pretreatment with
1% H2 SO4 . Dry matter excluded the silica. The bar indicated SD (n = 3).

treatments (Fig. 5, Table S10). Supplemented with silicon, Osfc7
exhibited 20.24% decrease of hexoses yield after 1% NaOH pretreatment, whereas Oshc12 and NPB had 3.3% and 8.67% increase
of hexose, respectively (p < 0.05). However, the hexose yield rates
of Oshc11, Oshc12 and NPB increased from 6.53% to 12.68 after 1%
H2 SO4 pretreatment, while Osfc7 rates did not change. Regardless of
whether silicon was supplied, all three mutants maintained higher
hexoses yields than NPB after 1% NaOH or 1% H2 SO4 pretreatment (Table S11). Therefore, silicon supplementation distinctively
affected biomass enzymatic sacchariﬁcation in the three mutants
and NPB.
3.6. SEM observation of biomass residues
We applied scanning electron microscopy to observe the
biomass residue surfaces obtained from enzymatic hydrolysis in
mutants and NPB after 1% NaOH or 1% H2 SO4 pretreatment (Fig. 6).
Regardless of whether silicon was added, the three mutants exhibited a coarse biomass residue surface, whereas NPB displayed a
relatively smooth surface. Furthermore, the three mutants also
showed different biomass surfaces. Hence, the data were consistent
with previous ﬁndings that three mutants had different cell wall
compositions and features from NPB (Fig. 4), leading to a varied
biomass sacchariﬁcation under 1% NaOH or 1% H2 SO4 pretreatment.
4. Discussion
Rice is a silicon-accumulating organism with enormous silicarich biomass residues in the straw for biofuels. Therefore, it
becomes essential to understand silicon’s biological characteristics.
Although silica is a reported plant cell wall component [22–24,48],
little is known about its effects on cell wall networks. Systems
biology analysis based on correlations of large sample populations is a powerful approach to address these issues [44,45]. In this
study, we have observed a signiﬁcant positive correlation between
silica and three major wall polymers (cellulose, hemicelluloses

and lignin) using 42 distinct cell wall mutants. Therefore, silica
affects cell wall composition and wall polymer features in a distinctive manner in the mutants and wild-type rice (Fig. 4). For
instance, the mutants and NPB showed different cell wall compositions in straw samples harvested from the experimental ﬁeld
(with silica levels ranging from 1.79% to 2.50%; Table S2) and silicon
hydrocultures (3.44–4.57%; Table S5). Notably, silica differentially
affected the three major wall polymer features, including cellulose crystallinity (CrI), arabinose substitution degree (Xyl/Ara) of
xylans, and sinapyl alcohol (S) proportion of lignin from the nonKOH-extractable biomass residues. Because the three wall polymer
features can fundamentally determine cell wall properties in grass
plants [13,14,16–19], our results suggest that silica is strongly
involved in rice cell wall construction, consistent with recent report
about a hemicellulose-bound form of silicon in rice [48].
Based on silica’s chemical and physical properties [22], its association with wall networks are reﬂected in its effects on plant
height, mechanical strength and biomass production (Table 1). Silica differentially affected the three mutants and NPB because it
affects cell wall composition and wall polymer features (Fig. 4). Furthermore, silica increased biomass production in all of the mutants
and NPB, suggesting that silicon supplementation plays a systematic role in plant growth and development in rice. Further studies
will examine how silica affects other plants.
Genetic modiﬁcation of plant cell walls has been regarded as
a potential approach to enhance biomass production and enzymatic digestibility in bioenergy crops [46]. However, in most cases,
genetic manipulation could simply cause plant growth defects, and
in particular, plant cell wall modiﬁcation could largely affect plant
morphogenesis and related agronomic traits due to the complexity of cell wall structures and the diversity of biological functions
[4,47]. Selection of cell wall mutants is thus considered as a powerful approach because it is based on normal-phenotype screening
[45]. For instance, we have selected mutants with normal plant
growth and development similar to wild type (a classic cultivar),
such as Osch11 and Osch12 mutants (Fig. 2). Although the Osfc7
mutant displayed a minor defect in plant height and mechani-
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Fig. 6. SEM imagine of the biomass surface obtained from pretreatments and sequential enzymatic hydrolysis in three rice mutants and NPB from silicon-supplied hydroculture. Arrow indicated relatively rough site.

cal strength, silicon supplementation could fully restore mutant
to wild type traits. However, silicon supplementation has been
shown to have dual effects on biomass enzymatic digestibility in
mutants and NPB, particularly after 1% NaOH pre-treatment (Fig. 5).
This ﬁnding may be due to silica’s distinct effects on cell wall
polymer features of the non-KOH-extractable biomass residues
in mutants and NPB (Fig. 4). In Miscanthus and maize, biomass
enzymatic sacchariﬁcation is predominately affected by wall polymer features of the non-KOH-extractable biomass rather than the
KOH-extractable biomass [14,16]. However, regardless of whether
silicon was added, all of the mutants maintained higher biomass
enzymatic digestibility than NPB, indicating that mutant selection with silicon supply may be a promising approach to enhance
biomass enzymatic digestibility and maintain normal plant growth
in bioenergy rice breeding. In addition, this study has demonstrated
a potential approach for silicon application in other bioenergy
crops.
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