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Genetic modiﬁcation of plant cell walls is an eﬀective approach to reduce lignocellulose recalcitrance in biofuel
production, but it may aﬀect plant stress response. Hence, it remains a challenge to reduce biomass recalcitrance
and simultaneously enhance stress resistance. In this study, the OsSUS3-transgenic plants exhibited increased
cell wall polysaccharides deposition and reduced cellulose crystallinity and xylose/arabinose proportion of
hemicellulose, resulting in largely enhanced biomass sacchariﬁcation and bioethanol production. Additionally,
strengthening of the cell wall also contributed to plant biotic resistance. Notably, the transgenic plants increased
stress-induced callose accumulation, and promoted the activation of innate immunity, leading to greatly improved multiple resistances to the most destructive diseases and a major pest. Hence, this study demonstrates a
signiﬁcant improvement both in bioethanol production and biotic stress resistance by regulating dynamic carbon
partitioning for cellulose and callose biosynthesis in OsSUS3-transgenic plants. Meanwhile, it also provides a
potential strategy for plant cell wall modiﬁcation.

1. Introduction
Crop residues are sustainable biomass resources convertible for
biofuels and chemical production (Ragauskas et al., 2006; Service,
2007). As major components of biomass residues, plant cell walls are
mainly composed of cellulose, hemicelluloses, and lignin. In particular,
wall polymers are entangled together to form a complex crosslink
network with recalcitrant properties against biomass sacchariﬁcation
and stress attacks (Carroll & Somerville, 2009; Himmel & Bayer, 2009;
Keegstra, 2010; Malinovsky, Fangel, & Willats, 2014). Genetic modiﬁcation of plant cell walls has been proposed as a promising solution
for enhancing biomass sacchariﬁcation (Wang et al., 2016). However,
due to the complicated structures and diverse biological functions of

plant cell walls, any wall modiﬁcation may result in altered biotic stress
resistance (Bethke et al., 2014; Bhuiyan, Selvaraj, Wei, & King, 2008;
Hernández-Blanco et al., 2007; Hu et al., 2017; Ramírez et al., 2011;
Sánchez-Rodríguez et al., 2009; Vogel, Raab, Somerville, & Somerville,
2004). Therefore, it is critical to enhance both lignocellulose sacchariﬁcation and stress resistance in transgenic plants.
Biotic stresses, such as diseases and insects, occur in almost all cropgrowing regions and cause great losses to yield and quality. Although
pesticide application is the most common and eﬀective method to mitigate biotic stresses in crop plants, it causes serious environmental
pollutions and is harmful to human health (Kou & Wang, 2010). A
promising approach to reduce pesticide application is to enhance plant
immune system through genetic engineering. Most recently, several
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dT18 primer, DNase I and M-MLV Reverse Transcriptase (Promega Kit).
Quantitative PCR reactions were carried out on a Bio-rad MyCycler
thermal cycler with the 2 × SYBR Green qPCR Mix (ZF101, ZOMANBIO) according to the manufacturer’s instruction. The rice polyubiquitin
gene (OsUBQ1) was used as the internal control. Each sample measurement was performed using at least two biological samples and each
test of sample was conducted with three replicates. The relative quantiﬁcation of the transcript levels was performed using the comparative
Ct method. All primers used were listed in Table S2.

genes have been identiﬁed and exploited in improving plant biotic
stress resistance (Krattinger & Keller, 2016). However, there are some
new challenges emerged: the resistance can be defeated by evolving
pathogens or pests, and it is still diﬃcult to develop resistance to
multiple stresses at the same time (Boller & He, 2009). Plant cell walls
provide not only a physical barrier against pathogen or insect colonization, but also play a role in the sensing or transmission of signaling
molecules that trigger immune responses (Hématy, Cherk, &
Somerville, 2009; Hückelhoven, 2007; Vorwerk, Somerville, &
Somerville, 2004). Notably, stress-induced callose deposition is an important part of the innate immune system in plants (Dodds & Rathjen,
2010; Hao et al., 2008). For instance, loss-of-function mutants in callose
synthase fail to synthesize callose, leading to the plants being more
susceptible to pathogens (Blümke et al., 2014; Chowdhury et al., 2016;
Nishimura et al., 2003).
Sucrose synthase (SUS) is a major enzyme that catalyzes the reversible conversion of sucrose into UDP-glucose (UDPG) and fructose
(Amor, Haigler, Johnson, Wainscott, & Delmer, 1995; Zrenner,
Salanoubat, Willmitzer, & Sonnewald, 1995). SUS is involved in the
regulation of carbon partitioning by providing UDPG substrates for the
direct biosynthesis of cellulose, callose and other polysaccharides in
plants (Baroja-Fernández, Muñoz, Montero, Etxeberria, & Sesma, 2009;
Coleman, Yan, & Mansﬁeld, 2009; Konishi, Ohmiya, & Hayashi, 2004;
Ruan, Llewellyn, & Furbank, 2003; Sturm & Tang, 1999; Subbaiah &
Sachs, 2001). In tobacco, the expression of two SUS genes was conspicuously induced by virus treatment (Wang et al., 2015), and VvSUS3
in grape was signiﬁcantly up-regulated in response to phytoplasma
infection (Zhu et al., 2017). Although SUSs are tightly associated with
the biosynthesis of wall polysaccharides and callose, much remains
unknown about whether SUS overproduction can simultaneously enhance biomass sacchariﬁcation and biotic stress resistance. In particular, it is important to ﬁnd out direct genetic and biochemical evidence about SUS roles in lignocellulose modiﬁcation and stress
resistance improvement.
In this study, we selected the transgenic rice plants that overexpressed OsSUS3 gene, detected wall polysaccharide levels and features, and measured biomass enzymatic sacchariﬁcation and bioethanol
production under various chemical pretreatments. Meanwhile, the responses of transgenic plants to multiple biotic stresses, including bacterial blight, fungal blast diseases, and brown planthopper (BPH) pest
attack, were also examined. Finally, this study proposed a hypothetical
model demonstrating how OsSUS3 transgenic rice plants show enhanced bioethanol production and multiple biotic stress resistances
through the SUS-related dynamic regulation of carbon partitioning for
cellulose and callose accumulation.

2.3. Cell wall polymer extraction
Polysaccharides (cellulose and hemicellulose) of rice plants were
extracted as described by Fan et al. (2018) and Peng, Hocart, Redmond,
and Williamson (2000). After removal of soluble sugars, lipid and
starch from consecutive extractions with phosphate buﬀer (pH 7.0),
chloroform-methanol and dimethyl sulphoxide/water. The crude cell
wall material was suspended with the 0.5% (w/v) ammonium oxalate,
heated for 1 h in a boiling water bath, and washed three times with
distilled water to collect all pectin. After centrifugation, the crude cell
walls were further suspended with the 4 M KOH containing NaBH4
(1.0 mg/mL), and washed three times with distilled water, the combined supernatants (KOH and distilled water) were used as KOH-extractable hemicelluloses fraction. The remaining pellets were dissolved
in 72% H2SO4 (w/w) for 1 h at 25 °C, and after centrifugation, the supernatants were collected to determine hexose as cellulose level.
2.4. Cell wall polymer determination
Total hemicelluloses were calculated by measuring hexose and
pentose of the hemicellulose fraction and the pentose of the remained
cellulose pellets. UV-VIS Spectrometer (V-1100D, Shanghai MAPADA
Instruments Co.) was used for hexose (620 nm) and pentose (660 nm)
assay. Hexoses were detected using the anthrone/H2SO4 method (Fry,
1988), and pentoses were assayed by the orcinol/HCl method (Dische,
1962). Considering high pentoses level may aﬀect the absorbance at
620 nm for hexoses assay by the anthrone/ H2SO4 method, the ﬁnal
content of hexoses was calculated by deducing from pentoses reading at
660 nm. For pentose deduction, we used diﬀerent concentrations of
xylose to draw standard curve measured by anthrone method. The
standard curves for hexoses and pentoses were drawn using D-glucose
and D-xylose as standards (purchased from Sinopharm Chemical Reagent Co., Ltd.) respectively, which was veriﬁed by GC–MS analysis. All
experiments were conducted using biological triplicates.
2.5. Callose staining and determination

2. Material and methods
Quantitative measurement of callose content was performed as
previously described (Shedletzky, Unger, & Delmer, 1997). Plant samples (0.1 g) were extracted with 600 μL 1 M NaOH at 80 °C for 30 min,
and 50 μL supernatants were mixed with 600 μL aniline blue solution
(0.1% aniline blue, 1 M HCl, and 1 M glycine/NaOH, pH 9.5) for
10 min. The presence of callose (blue-yellow ﬂuorescence) was detected
using a ﬂuorescence microplate reader (Tecan M200, excitation
400 nm, emission 510 nm). Callose staining was observed as previously
described (Li et al., 2011). Leaves were stained with 0.1% (w/v) aniline
blue in 0.15 M K2HPO4 for 5 min and imaged under a ﬂuorescence
microscope with a UV ﬁlter (Olympus BX-61, Retiga-4000DC digital
camera). Three independent biological replicates were performed for
determination of callose content.

2.1. Vectors constructing and plant genetic transformation
Expression proﬁle data of rice 66 tissue samples (Table S1) in
Zhenshan97 (ZS97) and Minghui63 (MH63) were obtained from CREP
database (http://crep.ncpgr.cn) and rice transcriptome project using
Aﬀymetrix Rice GeneChip microarray (Wang et al., 2010).
The full-length OsSUS3 cDNA was cloned from Nipponbare (sequenced japonica variety), veriﬁed by sequencing, and inserted into the
plant binary vector pCAMBIA1300 (Cambia) under the control of Ubi
promoter. The constructs were introduced into Agrobacterium tumefaciens strain EHA105 and transferred into rice cultivar Zhonghua 11
(ZH11) by Agrobacterium-mediated transformation. Primers used for
gene cloning were listed in Table S2.

2.6. Detection of cellulose features
2.2. RNA preparation and quantitative PCR
The crude cell wall materials were extracted as described by Fan
et al. (2018) and Peng et al. (2000). The lignocellulose crystalline index
(CrI) was detected with the X-ray diﬀraction (XRD) method using

Total RNA was extracted from plant tissues using Trizol reagent
(Invitrogen, Carlsbad, CA, USA), and reverse-transcribed using an oligo2
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2.10. Yeast fermentation and ethanol measurement

Rigaku-D/MAX instrument (Ultima III; Japan) as described by Fan et al.
(2017). The crude cellulose degree of polymerization (DP) assay was
performed using viscosity method as previously described by Li et al.
(2019).

After enzymatic hydrolysis, the supernatants were collected for
yeast fermentation as previously described by Jin et al. (2016). The
samples were treated at 121 °C for 20 min in autoclave to sterilize fermentation-tube and sample. Yeast of the Saccharomyces cerevisiae strain
(Angel Yeast Co., Ltd, Yichang, China) was dissolved in 0.2 M phosphate buﬀer (pH 4.8) for 30 min for activation prior to use. The activated yeast was added into the mixture of enzymatic hydrolysates and
residues with initial cell mass concentration at 0.5 g/L. The fermentation experiments were performed at 37 °C for 48 h, and distilled for
determination of ethanol content. Ethanol content was measured using
the dichromate oxidation method (Fletcher & Van Staden, 2003). The
sugar-ethanol conversion rate were measured by ethanol/hexose. All
experiments were performed in the biological triplicates.

2.7. Hemicelluloses monosaccharide determination
The hemicelluloses were prepared as described by Peng et al. (2000)
and Xu, Zhang et al. (2012). GC–MS analysis (SHIMADZU GCMSQP2010 Plus) was performed for monosaccharide composition detection of hemicellulose as previously described by Li et al. (2017). All
experiments were performed in biological triplicates.

2.8. Microscopic observation
2.11. Pathogen inoculation and disease response assay
The sample preparation was performed as previously described by
Li, Zhou et al. (2018). The sections (8 μm thickness) were obtained
using a microtome (RM2265, Leica) from the second internodes (0.5 cm
sections above the node) at the heading stage. For cellulose staining,
sections were incubated for 3 min with Calcoﬂuor white M2R ﬂuorochrome (ﬂuorescent brightener 28; Sigma; 0.25 μg/mL in dH2O). For
hemicelluloses staining, sections were incubated with CCRC-M147
(http://glycomics.ccrc.uga.edu/wall2/antibodies/antibodyHome.
html). Sections were imaged using a microscope (Olympus BX-61,
Japan) equipped with the following ﬁlter sets: 350/450 nm (ex/em)
and 490/520 nm (ex/em) for visualizing calcoﬂuor white stained cell
walls and green emission of the FITC ﬂuorochrome, respectively.
The second internodes (0.5 cm sections above the node) at the
heading stage were observed and photographed using a scanning
electron microscope (JSM-6390LV; JEOL, Japan). Scanning electron
microscopy (SEM) analysis was based on at least three biological replications of the mounted specimens. All procedures were carried out
according to the manufacturer’s protocol.
Transmission electron microscopy (TEM, Hitachi Ltd., Tokyo,
Japan) was used to observe cell wall structures in the middle 0.5 cm
sections from the third leaf veins of three-leaves-old plants. The width
of cell wall was measured using the software ImageJ (NIH, USA), and
more than 40 cell walls each for the diﬀerent genotypes were measured.
Signiﬁcance was estimated using Student’s t test.

Transgenic rice plants were grown under natural ﬁeld conditions in
the Experimental Stations of Huazhong Agricultural University, Wuhan
and Hanchuan, China, respectively. For the bacterial blight resistance
assay, 2-month-old rice plants were inoculated with Xanthomonas oryzae pv. oryzae (Xoo) virulent strains (ZH173 and IV173) by the leafclipping method (Ono et al., 2001). The lesion lengths were respectively
measured from 3 days to 20 days post infections. Bacterial growth in
rice leaves was measured by harvesting 10 leaves for each treatment
after leaf-clip inoculation. The leaves were ground with a mortar and
pestle in sterile water. The solution was diluted serially and spread on
trypticase soy agar plates with appropriate antibiotics. The mean
number of colonies in three plates of the proper dilution was calculated
as previously described (Yang, Sugio, & White, 2006).
For blast disease assay, 3-week-old seedlings were sprayed with the
conidiophores of the Magnaporthe oryzae (M. oryzae) pathogen virulent
strains (RB22, R01-1 and MT31-3) at 105 spores/mL containing 0.01%
(v/v) Tween-20 according to the procedures described previously
(Zhang, Peng, & Guo, 2008). The inoculated plants were kept in the
dark for 24 h at 25 °C with 100% relative humidity (RH) and then
moved to a growth chamber set at 22 °C with 80% RH and a 12-h/12-h
light/dark photoperiod. Seedlings were sprayed only using 0.01%
Tween-20 as control. The lengths and numbers of lesions were measured from at least 30 leaves of each biological sample. The leaves
samples were collected and stored at -80 °C for total RNA extraction and
callose determination.

2.9. Biomass pretreatment and enzymatic hydrolysis
2.12. Brown planthopper infestation assay
The chemical (H2SO4, NaOH) pretreatment and sequential enzymatic hydrolysis were performed as described previously (Fan et al.,
2017). The ground biomass powder (0.3 g) was supplemented with
6 mL 1% H2SO4 or 1% NaOH. For NaOH pretreatment, the biomass
samples were incubated at 50 °C and 150 rpm for 2 h, and centrifuged at
3000 rpm for 5 min. The remaining pellet was washed more than six
times with 10 mL distilled water until pH of the supernatants at 7.0. For
H2SO4 pretreatment, the biomass samples were incubated at 121 °C for
20 min in autoclave. Then, the tubes were incubated at 50 °C and
150 rpm for 2 h, centrifuged, and washed with distilled water as alkaline pretreatment described above.
Enzymatic hydrolysis: the remaining residues obtained from acid or
alkali pretreatment were washed with 6 mL of mixed-cellulases reaction
buﬀer (0.2 M acetic acid–sodium acetate, pH 4.8), then incubated with
0.16% (w/v) mixed cellulases (Imperial Jade Biotechnology Co., Ltd.
Ningxia 750002, China) with the ﬁnal concentrations of cellulase at
10.60 FPU/g biomass, and xylanase at 6.72 U/g biomass. The samples
were incubated at 50 °C and 150 rpm for 48 h. After centrifugation at
3000 rpm for 10 min, all supernatants were collected for hexoses and
pentoses assay. All experiments were performed in biological triplicates.

The brown planthopper (Nilaparvata lugens Stål; BPH) insects were
macropterous female, and feed with seedlings of TN1 (a susceptible rice
plant variety) in the insectary under a 15:9 (L: D) photoperiod,
25 ± 2 °C, and a RH of 60% ± 5%. BPH experiments were performed
on rice plants at the ﬁve-leaf seedlings stage as reported previously
(Hao et al., 2008). The seedlings were infested with BPH nymphs at 10
insects per seedling, then placed in the same gauze-covered growth
chamber. The number of insects and the seedling mortality on each
variety were recorded. At least 50 plants per replicate and three replicates were used for these measurements. The seedlings samples were
collected and stored at -80 °C for RNA extraction and callose determination.
2.13. EPG waveform quantiﬁcation
Electronic penetration graph (EPG) experiments were performed as
described previously (Hao et al., 2008). The BPH was immobilized with
CO2 for 5 s, and a gold wire (20 μm in diameter and 10 cm in length)
was quickly attached to its dorsal thorax using silver conductive glue.
The other end of the wire was connected to the EPG headstage
3
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measured. The four transgenic lines had signiﬁcantly increased cellulose (13%–26% in leaves and 9%–15% in stems) and hemicelluloses
(6%–13% in leaves and 6%–11% in stems) levels and similar lignin
levels compared with the controls (Fig. 1d and Table S5). Using Calcoﬂuor white staining and a plant glycan-directed monoclonal antibody
(CCRC-M147) speciﬁc for unsubstituted hemicelluloses xylans, we observed that the two representative OsSUS3 transgenic lines exhibited
much brighter ﬂuorescent signals in the thickened sclerenchyma cells
and vascular bundle cells (Fig. 1e), which was consistent with the signiﬁcantly increased cellulose and hemicelluloses levels. Additionally,
the expression levels of cell wall synthases genes (OsCESAs and OsIRXs)
were also signiﬁcantly up-regulated (Fig. S3a–c), which was in agreement with the increased cellulose and hemicellulose contents in the
OsSUS3 transgenic lines. These alterations were consistent with previous studies, which showed that SUS overexpression plants exhibited
improved cellulose-based traits (Coleman et al., 2009; Jiang, Guo, Zhu,
Ruan, & Zhang, 2012; Ruan, 2014; Xu, Brill, Llewellyn, Furbank, &
Ruan, 2012).
Furthermore, this study examined the major wall polymer features
including the cellulose crystalline index (CrI), degree of polymerization
(DP) of β-1, 4-glucans, and monosaccharide compositions of hemicelluloses. Compared to the controls, the transgenic plants showed
signiﬁcantly reduced cellulose CrI values by 7–10% and hemicellulosic
xylose/arabinose (Xyl/Ara) ratios by 9–29%, with increased cellulose
DP values by 8–15% (Fig. 1f and Table S6). The transcript levels of
OsGH9Bs and OsXATs genes were also examined, as these representative enzymes (OsGH9B1/3/16 and OsXAT2/3) may display
activity for reducing cellulose crystallinity or be involved in arabinose
synthesis of hemicellulose in rice (Li et al., 2015; Xie et al., 2013).
Signiﬁcantly, OsGH9Bs and OsXATs expression levels were much higher
in the OsSUS3 transgenic plants than in the EV control (Fig. S3d–e),
which was consistent with the ﬁndings of a reduced cellulose CrI
(Fig. 1f), increased Ara (Table S6), and the reduced Xyl/Ara ratios
(Fig. 1f) in the transgenic rice plants. It has been shown that Ara may
interact with β-1, 4-glucan chains in the amorphous regions of cellulose
microﬁbrils via hydrogen bonding, thereby signiﬁcantly reducing cellulose crystallinity (Fan et al., 2017). Therefore, the up-regulated
OsGH9Bs and OsXATs expression should contribute to the reduced
cellulose crystallinity and Xyl/Ara ratios in the OsSUS3 transgenic lines.
Taken together, overproduction of OsSUS3 could enhance cellulose
and hemicelluloses deposition into the cell wall with characteristic alterations to major wall polymer features in transgenic rice plants.

ampliﬁer. The substrate voltage probe (a copper wire: 2 mm in diameter
and 10 cm in length) was inserted into the soil. The female insect attached to the gold wire was carefully placed onto the leaf sheaths of the
rice plant. Output from the EPG at a 50 gain was digitized at a rate of
100 samples per second per channel and the plant voltage was adjusted
to get an output voltage between -5 V and 5 V using a DI-720 analog-todigital and recorded using Windaq software (both from Dataq Instruments, Akron, OH). The EPG signals were detected using the PROBE 3.0
software (Huazhong Agricultural University). All EPG experiments
were carried out on rice plants at the ﬁve-leaf stage. EPG recordings
were carried out for 6 h/insect/plant, with at least 20 replicates for
each biological sample, using fresh seedlings and insects in each experiment.
3. Results and discussion
3.1. Collection of OsSUS3 transgenic rice plants
It has been shown that several sucrose synthase (SUS) isoforms
occur in plants, and seven OsSUSs were recently identiﬁed in rice.
Because OsSUS7 exhibits only nine single nucleotide substitutions in its
coding sequence compared with OsSUS5 (Cho, Kim, Kim, Hahn, & Jeon,
2011), it is neglected in most studies. Using public expression proﬁling
data (http://crep.ncpgr.cn, Table S1, Fig. S1), we found that OsSUS1
had much higher expression in elongating tissues such as seed imbibition/germination, plumule/radicle, seedling, young shoot/root, panicle, and young stem, whereas OsSUS2 exhibited high expression in
almost all tissues with the highest expression levels at early endosperm
development. By comparison, OsSUS3 was almost undetectable in stem,
leaf and sheath tissues that are rich in lignocellulose, but showed higher
expression in the spikelet and endosperm, while OsSUS4 was expressed
in the calli, leaf, sheath and endosperm. Both OsSUS5 and OsSUS6
showed relatively lower expression levels in most tissues (Fig. S1).
Meanwhile, this work also generated stress-response expression proﬁles
to explore OsSUS responses to biotic stress in rice. Among the six OsSUSs, OsSUS3 expression was strongly induced in plant tissues by the
fungal blight strain IV173, blast strain RB22, and pest BPH, compared
to the controls (Fig. S2a–c), indicating that OsSUS3 is likely involved in
plant defense responses. To increase the biomass yield and biotic stress
resistance, this study generated transgenic rice plants that overexpressed the OsSUS3 gene. Based on classic genetic screening, four
independent single-locus homozygous transgenic OsSUS3 lines were
obtained, with greatly increased OsSUS3 expression levels by more than
20-fold compared to the controls (wild type/ZH11 and empty vector/
EV) (Fig. S2d). Thus, this study collected the transgenic rice plants
constitutively expressing OsSUS3 as biomass samples for the following
experiments.

3.3. Biomass enzymatic sacchariﬁcation and bioethanol production after
chemical pretreatments
Because plant cell wall composition and feature basically determine
biomass enzymatic sacchariﬁcation under various physical and chemical pretreatments (Fan et al., 2017; Huang et al., 2019), biomass
sacchariﬁcation of the OsSUS3 transgenic rice plants was examined by
measuring both total sugar and hexoses yields released from enzymatic
hydrolysis after chemical pretreatments (Fig. 2; Table S7; Fig. S4).
Under 1% NaOH pretreatment, all the four OsSUS3 transgenic lines
exhibited much higher total sugar and hexoses yields than the controls,
with the total sugar yields being increased by 13%–23% (% dry matter),
and the hexoses yields by 16%–24% (% dry matter) or 8%–9% (%
cellulose). Notably, upon 1% H2SO4 pretreatment, the transgenic lines
displayed greater total sugar yields by 18%–34% (% dry matter), and
hexoses yields by 20%–37% (% dry matter) or 9%–18% (% cellulose)
(Fig. 2a–b; Table S7; Fig. S4a).
Furthermore, this study detected the bioethanol yields by yeast
fermentation using hexoses released from enzymatic hydrolysis (Fig. 2c;
Table S7). Compared to the controls, the transgenic lines produced
much higher bioethanol yields, with increased rates by 20–49% and
34%–66% after 1% NaOH and 1% H2SO4 pretreatments, respectively.
During the pretreatment process, a range of sugar and lignin

3.2. Characterization of wall polysaccharides in OsSUS3 transgenic rice
plants
In the three-year ﬁeld experiments, all the OsSUS3 transgenic rice
plants examined in this study showed consistently increased biomass
yields and grain yields, compared with the controls including wild type
(WT, ZH11) and empty vector (EV line), in particular for the year 2014
(Fig. 1a, and Tables S3, S4). Cell wall composition and structure of
plants from 2014 were also detected. Using scanning electron microscopy (SEM) and transmission electron microscopy (TEM), two representative OsSUS3 transgenic lines exhibited obviously thickened cell
walls in sclerenchyma cells (SC), vascular bundle cells (VB), and parenchyma cells (PC), compared to those in the control (Fig. 1b–c). In
particular, the widths of the entire cell walls and secondary cell walls
were increased by 66%–68% and 59%–63% in the transgenic plant
sclerenchyma cells, respectively (Fig. 1b). This result indicated that
OsSUS3 overexpression led to a remarkably increased cell wall thickness. Moreover, the contents of three major wall polymers were
4
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Fig. 1. Cell wall compositions and morphologies in the OsSUS3-transgenic plants. (a) Mature stem biomass yield per plant harvested in year of 2014 (n = 10).
(b) Quantitative measurement of cell wall thickness (n = 20). (c) Cell walls morphology under scanning electron microscopy (SEM) and sclerenchyma cells under
transmission electron microscopy (TEM); sclerenchyma cells (SC), vascular bundle cells (VB), parenchyma cells (PC), primary cell wall (PCW), and secondary cell
wall (SCW); scale bars as 20 μm and 400 nm, respectively. (d) The contents of cellulose and hemicelluloses in mature stems (% dry matter) (n = 3). (e) Calcoﬂuor
white staining speciﬁc for cellulose and immunohistochemical staining speciﬁc for xylan with CCRC-M147 antibody (scale bars as 50 μm). (f) Crystalline index (CrI)
of crude cellulose and Xyl/Ara rate of hemicelluloses (n = 3). All data are given as means ± SD; Student’s t-test between EV and transgenic plants as **P < 0.01
and *P < 0.05.

biomass sacchariﬁcation, it is also interesting to test their resistance to
various biotic stresses. Since bacterial blight is a major destructive
disease in rice, classic rice pathogenic assays were performed. The independent fourth generation (T4) OsSUS3 transgenic lines were inoculated with the Xoo virulent strain IV173 (Fig. 3). The transgenic rice
leaves showed signiﬁcantly reduced lesion lengths by 25%–59% compared to the controls (Table S8). Furthermore, bacterial blight resistance was investigated using the ﬁfth generation (T5) transgenic rice
leaves in two diﬀerent experimental ﬁelds in the second year. In comparison with the controls, much reduced lesion lengths from two strains
(IV173, ZH173) infection were detected in the transgenic plants (Table
S8). To maintain the experimental consistency, two representative
transgenic lines (OE-1 and -4) were used in the following experiments,
mainly due to their signiﬁcantly increased OsSUS3 expression levels
and consistent resistances to bacterial blight. In another inoculation
experiment with blight strain IV173 for 20 days, the OsSUS3 transgenic
rice leaves exhibited fewer infection symptoms with reduced bacterial
growth rates, compared to the controls (Fig. 3a–c), indicating that the
OsSUS3 transgenic plants had stable improved resistance to bacterial
blight.
Because callose deposition is an essential component of the defense
response against pathogen and insect attack (Blümke et al., 2014;
Chowdhury et al., 2016; Hao et al., 2008; Nishimura et al., 2003),
callose accumulation in the transgenic rice plants was examined.
Compared to the control, the transgenic rice plants showed remarkably
increased callose deposition in leaves from early bacterial infection
(0–24 h) (Fig. 3d). Accordingly, the increased callose deposition was
obviously observed in the infected cells near sieve plates under aniline
blue staining (Fig. 3e). With respect to the increased callose deposition,

degradation products are produced, such as weak acids, furan derivatives, and phenolic compounds, which have been widely reported as
inhibitors of ethanol fermentation (Huang et al., 2011). The sugar–ethanol conversion rates were used to assess the critical levels for inhibition of ethanol production by yeast. Relative to the controls, the
transgenic lines showed signiﬁcantly improved sugar–ethanol conversion rates by 5–22% and 10%–24% under the two pretreatments (Table
S7; Fig. S4b). The results indicated that there was less inhibitions of
fermentation in the OsSUS3 transgenic lines. By comparison, all plants
had much higher total sugar, hexoses, ethanol yields and sugar–ethanol
conversion rates from NaOH pretreatment than those from H2SO4
pretreatment. In particular, all the plants showed total sugar released at
24%–30%, hexoses yields at 16%–20%, and ethanol yields at 11%–16%
(% dry matter) from NaOH pretreatment (Fig. 2). However, the total
sugar, hexoses, ethanol yields were less than 14%, 12%, and 9% (% dry
matter) from H2SO4 pretreatment (Fig. 2). Hence, the results suggested
that alkali pretreatment was more eﬀective for rice biomass enzymatic
sacchariﬁcation.
It has been shown that the cellulose crystallinity and hemicellulosic
Xyl/Ara ratio are key factors that negatively aﬀect the biomass enzymatic digestibility (Fan et al., 2017; Li, Liu et al., 2018; Huang et al.,
2019). Hence, the results indicated that the OsSUS3 transgenic rice
plants showed consistently enhanced biomass enzymatic sacchariﬁcation and bioethanol production, mainly due to the much increased
cellulose levels and distinctively altered wall polymer features.
3.4. Callose accumulation for pathogenic resistances
Although the OsSUS3 transgenic plants showed greatly enhanced
5
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Fig. 2. Biomass enzymatic sacchariﬁcation and ethanol productivity in OsSUS3-transgenic plants. (a) Total sugar yields released from enzymatic hydrolysis
after the pretreatment with 1% NaOH or 1% H2SO4. (b) Hexose yields released from enzymatic hydrolysis after the pretreatment with 1% NaOH or 1% H2SO4. (c)
Bioethanol yields by yeast fermentation using the sugars released from biomass enzymatic hydrolysis. All data are given as means ± SD. Student’s t-test between EV
and transgenic plants as **P < 0.01 and *P < 0.05 (n = 3).

fungal blast infection (Fig. S5b). Taken together, the OsSUS3 transgenic
rice plants could rapidly regulates callose induction, which probably
limits pathogen penetration and proliferation, leading to signiﬁcantly
improved pathogenic resistance to these two destructive diseases in
rice.

this study showed that the callose synthase genes (OsGSL3 and OsGSL5)
were signiﬁcantly up-regulated in the OsSUS3 transgenic plants (Fig.
S5a). In contrast, the β-1, 3-glucanase genes (OsSG1 and OsGNS5) were
down-regulated after bacterial infection (Fig. S5a), which should also
lead to increased callose accumulation in the transgenic rice plants.
To conﬁrm that the transgenic rice plant resistance to pathogenic
stress, this study further assayed disease resistance to rice blast, a major
destructive fungal disease in rice, by inoculating three-week-old seedlings in situ with three M. oryzae virulent races (RB22, R01-1 and MT313). Compared to the controls, the OsSUS3 transgenic plants exhibited
remarkably less infection by the three strains with signiﬁcantly reduced
lesion numbers by 29%–53% and lesion lengths by 11%–31% (P <
0.01) (Fig. 4a–b and Table S9). Moreover, callose levels were rapidly
increased in the transgenic lines compared to the controls (Fig. 4c).
Similarly, the callose synthase genes (OsGSL1, OsGSL3 and OsGSL5)
were up-regulated, whereas β-1, 3-glucanase genes (OsSG1 and
OsGNS5) were down-regulated in the OsSUS3 transgenic plants after

3.5. Callose accumulation for resistance to brown planthopper
Brown planthopper (BPH) is one of the most harmful insects to rice
that aﬀects plant growth by sucking sap from phloem with an indirect
inﬂuence through virus transmission (Liu et al., 2015). To examine
whether callose accumulation could also improve biotic resistance to
this pest, responses of the OsSUS3 transgenic plants to BPH was also
tested using a well-established assay system (Hao et al., 2008). Feeding
with BPH at the rice seeding stage within the same gauze-covered
growth chamber, the OsSUS3 transgenic plants started to show signiﬁcantly lower rates of seedling mortality at 2 days post-infestation (2
6
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Fig. 3. Measurement of bacterial blight infections in OsSUS3 transgenic plants. (a) Images of the 2-month-old leaves inoculated with Xoo virulent strains
ZH173for 20 days. (b) Lesion lengths of time-course leaves as observed in (a). (c) Time-course of bacterial growth in plant leaves during blight inoculation in (a). (d)
Time-course of callose contents in leaves inoculated with ZH173. (e) Images of callose deposition of 2-month-old leaves inoculated with IV173; scale bar as 200 μm.
All data are given as means ± SD (n = 30 in b; n = 3 in c). Student’s t-test between EV and transgenic plants as **P < 0.01 and *P < 0.05.

Fig. 4. Measurement of fungal blast infections in OsSUS3 transgenic plants. (a)
Images of the 3-week-old leaves inoculated
with three M. oryzae virulent strains (RB22,
R01-1and MT31-3) for 3 days after in situ inoculation. (b) Number of lesions per leaf as
described in (a). (c) Callose content of 3-weekold leaves inoculated with three blast virulent
strains at 0 h and 24 h. All data are given as
means ± SD (n = 30 in b, c). Student’s t-test
between EV and transgenic plants as **P <
0.01 and *P < 0.05.
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Fig. 5. Observation of BPH attack in OsSUS3
transgenic plants. (a) Images of rice plants
infested with BPH at the ﬁve-leaf seedlings
stage. (b) Seedling mortality rate of plants as
described in (b); data collected from 0 day to 5
days post infestation (dpi). (c) Callose content
of plants infested with BPH at the ﬁve-leaf
seedlings stage. All data are given as
means ± SD (n = 3). Student’s t-test between
EV and transgenic plants as **P < 0.01 and
*P < 0.05.

Fig. 6. A hypothetical model that highlights
how OsSUS3 positively regulates cell wall
polymers and callose biosynthesis distinctive
for bioethanol production and multiple biotic
stress responses in the transgenic rice plants.
(-) and (+) indicated as negative and positive
factors (or impacts), respectively.

the results demonstrated that OsSUS3 transgenic rice plants could dynamically accumulate callose against BPH attack by altering its feeding
behaviors.

dpi), and the reduced mortality rates reached 2-fold at 3–5 dpi compared to the EV (Fig. 5a–b). Accordingly, the OsSUS3 transgenic plants
showed remarkably increased callose deposition (Fig. 5c) associated
with callose synthesis and degradation genes up- and down- regulation,
respectively, due to the BPH feeding (Fig. S5c).
Moreover, the BPH feeding activities and behaviors including nonprobing, pathway, phloem ingestion, and xylem ingestion were monitored by means of the real-time electronic penetration graph technique
(Hao et al., 2008) (Fig. S6a). During the 6-h recording periods, the total
duration of BPH nonprobing behavior on the OsSUS3 transgenic plants
was 14% and 15% but only 6% for EV plants (Fig. S6b and Table S10),
indicating that BPH spent more time resting or moving on the transgenic plants. Meanwhile, the total durations of BPH pathway behaviors
on OsSUS3 transgenic plants was 38% and 49% but 28% on EV plants,
suggesting that BPH also spent much more time searching for feeding
targets (cells/tissues) on the transgenic lines. In contrast, the BPH spent
signiﬁcantly less time on phloem ingestion on OsSUS3 transgenic plants
(15% and 19%) compared with EV plants (59%), which is consistent
with reduced infestation of the OsSUS3 transgenic plants. Instead, the
BPH spent more time on xylem ingestion (22% and 28%) in the OsSUS3
transgenic plants compared with the EV plants (7%) (Fig. S6b and Table
S10). The data showed that BPH feeding aﬀects the expression of genes
associated with the synthesis and hydrolysis of callose, resulting in
callose deposition. Callose deposition prevents BPH insects from continuously ingesting phloem sap in OsSUS3 transgenic plants. Therefore,

3.6. Mechanism of enhanced cellulosic ethanol production and biotic stress
resistances
To understand why the OsSUS3 transgenic rice plants displayed
enhanced biomass sacchariﬁcation and biotic stress resistances, we
proposed a hypothetical model based on the major ﬁndings of this study
and related previous reports (Fig. 6). (1) Overexpression of OsSUS3
could provide suﬃcient UDPG substrate for direct cellulose and indirect
hemicelluloses biosynthesis, leading to increased cellulose and hemicelluloses contents and relatively higher biomass and bioethanol yields,
which is consistent with previous reports (Coleman et al., 2009; Jiang
et al., 2012; Ruan, 2014; Xu, Brill et al., 2012). (2) Because the cellulose
crystalline index (CrI) value and hemicellulosic Xyl/Ara proportion
have been recently characterized as negative factors for biomass enzymatic sacchariﬁcation under various chemical pretreatments in rice
and other biomass residues (Fan et al., 2017; Hu et al., 2018; Huang
et al., 2019; Laureano-Perez, Teymouri, Alizadeh, & Dale, 2005; Li, Liu
et al., 2018; Li, Zhou et al., 2018), the signiﬁcantly reduced CrI and
Xyl/Ara values of the OsSUS3 transgenic rice plants should cause large
enhancements in hexoses and bioethanol yields. (3) The increased
cellulose and hemicelluloses deposition may also play a role against
8
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biotic stress in the transgenic rice plants through the enhancement of
cell wall defense responses, because cell wall deposition limits the ingress of pathogens and the production of pathogen-produced toxins and
enzymes, and also makes it more diﬃcult for leaf-eating herbivores to
digest and piercing-sucking herbivores to penetrate (Hernández-Blanco
et al., 2007; Sánchez-Rodríguez et al., 2009; Vogel et al., 2004). (4)
Despite the characterization that stress-induced callose deposition deploys a rapid defense barrier on pathogen attack (Blümke et al., 2014;
Chowdhury et al., 2016; Hao et al., 2008; Nishimura et al., 2003), this
study examined universal callose accumulation in the OsSUS3 transgenic rice plants from bacterial blight, fungal blast and BPH pest attacks. Therefore, both pathogen infections and insect attack could lead
to eﬃcient callose accumulation as a defense barrier to limit pathogen
penetration and proliferation or against insect attack in the OsSUS3
transgenic plants.
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4. Conclusion
Overexpression of OsSUS3 could not only lead to enhanced biomass
sacchariﬁcation for bioethanol production but also greatly improved
biotic stress resistances in rice plants. Chemical analysis indicated that
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innate immunity by promoting the ﬂux from sucrose to UDPG, which
can serve as a substrate for cell wall polysaccharides (cellulose and
hemicelluloses) and callose deposition, leading to signiﬁcantly improved resistance to the most destructive diseases and a major pest.
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