
Distinctively altered lignin biosynthesis by site-modification of OsCAD2 for 

enhanced biomass saccharification in rice 

Guifen Zhanga,c, Lingqiang Wanga,b*, Xukai Lia, Shuming Baia, Yali Xuea, Zihui Lia, 
Shang-wen Tangc, Yanting Wanga, c, Youmei Wanga, Zhen Hua, Ping Li a and Liangcai 
Penga,c*

aBiomass & Bioenergy Research Centre, College of Plant Science & Technology, Huazhong Agricultural 
University, Wuhan 430070, China.
bState Key Laboratory for Conservation & Utilization of Subtropical Agro-Bioresources, College of 
Agriculture, Guangxi University, Nanning, China.
cLaboratory of Biomass Engineering & Nanomaterial Application in Automobiles, College of Food 
Science & Chemical Engineering, Hubei University of Arts & Science, Xiangyang, China.

*Correspondent author: Tel: +86-27-87281765; Fax: +86-27-87280016. 
Email: lpeng@mail.hzau.edu.cn; lqwang@mail.hzau.edu.cn. Web: http://bbrc.hzau.edu.cn.

 

Running title:  Modified OsCAD2 enhances biomass saccharification

Abstract 

Crop straws represent enormous biomass resource convertible for biofuels and 

bioproducts, but lignocellulose recalcitrance restricts its saccharification for 

commercial utility. Despite genetic modification of lignin biosynthesis has been 

attempted to reduce recalcitrance in bioenergy crops, it remains challenging to optimize 

lignin deposition without an unacceptable yield penalty. Based on gene expression 

analysis and phylogenetic tree profiling, this study selected a cinnamyl-alcohol 

dehydrogenase gene (OsCAD2) as the target for genetic engineering of lignin 

biosynthesis in rice. Using CRISPR/Cas9 technology, this study generated independent 

homozygous transgenic lines with precise site-mutation of OsCAD2, which showed 

slightly reduced lignin levels but markedly decreased p-hydroxyphenyl (H) contents in 

lignin by 34% and increased guaiacyl (G) contents by 16%, compared to the wild type. 

Under mild alkali pretreatment (1% NaOH, 50°C), the OsCAD2 site-modified lines 

showed effective lignin extraction up to 70% (of total lignin) from mature rice straws, 

which caused either significantly increased biomass porosity and cellulose accessibility 

Page 1 of 40

mailto:lpeng@mail.hzau.edu.cn
mailto:lqwang@mail.hzau.edu.cn
http://bbrc.hzau.edu.cn


or remarkably reduced cellulase adsorption to lignin in pretreated lignocellulose 

residues. These consequently led to almost complete biomass enzymatic 

saccharification with increased hexoses yields by 61%-72% in the modified lines, being 

much higher than those of the lignin-altered lines reported in previous studies. Hence, 

this study has demonstrated a novel genetic engineering strategy to reduce 

lignocellulose recalcitrance with minimized biomass loss for cost-effective biomass 

conversion to bioethanol in rice and bioenergy crops.

Keywords: CAD, Lignin, CRISPR/Cas9, Rice, Alkali pretreatment, Enzymatic 

saccharification, Bioethanol, Biomass porosity, Cellulose accessibility

Introduction

Crop feedstock provides large amounts of lignocellulose residues, however, its 

intrinsic recalcitrance requires high energy input for bioethanol production. 

Lignocellulose recalcitrance is fundamentally determined by major wall polymers 

(cellulose, hemicellulose, lignin) levels and features (Li et al., 2017). As a major 

contributor to the recalcitrance, lignin forms a physical barrier against cellulases 

accession by interlinking with hemicellulose and cellulose (Haarmeyer et al., 2017; 

Zeng et al., 2014; Li et al., 2014). Recently, lignin has been examined to adsorb 

cellulases, which affects enzymatic hydrolysis of lignocellulose (Jin et al., 2016; Deng 

et al., 2020). Harsh physical and chemical pretreatments are thus required for effective 

lignin extraction, demanding high energy input and leading to potential secondary 

chemical pollution into environment (Himmel et al., 2007). 

Genetic modification of plant cell walls has been implemented as a promising 

solution to the lignocellulose recalcitrance (Hamelinck et al., 2005; Aden & Foust, 

2009). In particular, the genetic engineering of lignin biosynthesis could enhance 

biomass enzymatic saccharification and bioethanol production in bioenergy crops 

(Ralph et al., 2004; Chen et al., 2003). However, due to complicated structures and 

diverse functions of plant cell walls, their modification to some degree could simply 
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affect plant growth and mechanic strength (Li et al., 2017, Wang et al., 2016). Hence, 

it becomes important to select desirable bioenergy crops using advanced genetic 

engineering approach.

As a characteristic component of secondary cell walls, lignin primarily consists of 

p-hydroxyphenyl (H), syringyl (S), and guaiacyl (G) units, which are polymerized by 

the radical coupling of three monolignols: p-coumaryl, sinapyl and coniferyl alcohols 

(Chen and Richard, 2007). Genetic engineering of the enzymes involved in the 

monolignol biosynthetic pathways has been conducted in various plants such as alfalfa 

(Fu et al, 2011a), switchgrass (Park et al., 2017; Zhou et al., 2015), poplar (Cass et al., 

2015), Brachypodium (Wu et al., 2019) and tall fescue (Jackson et al., 2008). Cinnamyl 

alcohol dehydrogenase (CAD) is the enzyme involved in the last step of 

phenylpropanod pathway by catalyzing the NADPH-dependent reduction of hydroxy-

cinnamaldehydes into the corresponding alcohols (Kim et al., 2002; Raes et al., 2003; 

Saballos et al., 2009). Downregulation of CAD genes has enhanced biomass enzymatic 

digestibility in several eudicot species (Baucher et al., 1996, 1999). Meanwhile, genetic 

manipulation of CAD genes is also implemented in grasses (Chen et al., 2003; Saathoff 

et al., 2011; Fornale et al., 2012; Bouvier et al., 2013), but little has yet been explored 

about how lignocellulose recalcitrance is effectively improved in the transgenic plants. 

Rice is a major cereal crop worldwide, producing approximately 650-975 million 

tons of lignocellulose-based straw per year (Binod et al., 2010). Although OsCAD2 has 

been identified in rice (Tobias & Chow, 2005; Zhang et al., 2006; Li et al., 2009; Hirano 

et al., 2012), much remains unknown about its impact on biomass properties. In this 

study, we identified totally twelve sequences that significantly matched to the OsCAD 

family by searching TIGR database. Then, we selected one of the members (OsCAD2) 

which preferential expressed in the lignocellulose-rich culm tissue, and generated the 

transgenic lines with precisely site-modification of OsCAD2 using CRISPR/Cas9 

technology. Hence, this study determined significantly reduced lignocellulose 

recalcitrance in the modified lines, leading to much enhanced biomass enzymatic 

saccharification and bioethanol production compared to the wild type. Finally, this 

work attempted to interpret how the lignocellulose recalcitrance is improved for 
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enhanced bioethanol production in the modified lines, thereby demonstrating a 

powerful strategy for lignin modification in bioenergy crops. 

Materials and methods

Plant materials and samples collection 

Rice (Oryza sativa L. ssp) transgenic plants and the wild type Nipponbare (NPB) were 

grown in the experimental fields of Huazhong Agricultural University, Wuhan, China. 

The rice mature straws were collected, dried at 50 °C to the constant weight, and stored 

in a dry container until use.

Phylogenetic analysis and motif identification

The multiple alignment analysis was performed using the Clustal X program (version 

1.83) (Thompson et al., 1997) and MAFFT (Katoh et al., 2005). The unrooted 

phylogenetic trees were constructed with the MEGA7.0 program and the neighbor 

joining method with 1,000 bootstrap replicates (Kumar et al., 2004). Protein sequences 

were analyzed using the MEME program (http://meme.sdsc.edu/meme/cgi-

bin/meme.cgi) for the confirmation of motifs. The MEME program (version7.0) was 

employed with the following parameters: number of repetitions; maximum number of 

motifs; optimum motif width set to > 6 and < 200. The motifs were annotated using the 

Inter Pro Scansearch program (http://www.ebi.ac.uk/Tools/InterProScan/).

OsCADs genes database search and expression profile in rice

The Hidden Markov Model (HMM) profile of the cellulose synthase and the cinnamyl 

alcohol dehydrogenase domain was downloaded from PFam 

(http://pfam.sanger.ac.uk/). A name search and the protein family ID were performed 

for the identification of genes from the rice genome. Information about the coding 

sequence (CDS), amino acid (AA) and full-length cDNA accessions was obtained from 

TIGR (http://www.tigr.organd KOME http://cdna01.dna.affrc.go.jp/cDNA). The gene 

Page 4 of 40

http://cdna01.dna.affrc.go.jp/cDNA


expression profile data in 33 rice tissue samples (Table S1) of Zhenshan 97 (ZS97) and 

Minghui 63 (MH63) were obtained from the CREP databasehttp://crep.ncpgr.cn. The 

expression values were log transformed, and cluster analyses were performed using a 

software cluster with Euclidean distances and the hierarchical cluster method of 

“complete linkage clustering”. Clustering tree was constructed and viewed in 

JavaTreeview. 

Plasmid vector construction and rice transformation 

The plasmid vector pRGE32 was used to transiently express U3p:sgRNA along with 

UBIp:Cas9 in rice. The construct carrying the U3p:sgRNA and UBIp:Cas9 was 

transformed into the Agrobacterium strain (EHA105) as described by Xie et al. (2015). 

The transformation and regeneration of transgenic plants were performed as described 

by Fan et al. (2018). The positive transgenic lines were selected based on PCR and 

sequencing analysis. The sequences of sgRNA (OsCAD2) and the primers used in this 

study were listed in Table S2.

Hemicellulose and cellulose extraction and monosaccharide measurement

Cell wall fractionation procedure was performed as previously described (Peng, Hocart, 

& Williamson, 2000) with minor modification. The dry biomass powder (40 mesh) 

samples (0.1 g) were initially washed twice with 5.0 mL phosphate buffer and twice 

with 5.0 mL distilled water. The remaining pellet was stirred with 5.0 mL chloroform-

methanol (1:1, v/v) for 1 h at 40 °C and washed twice with 5.0 mL methanol, followed 

by 5.0 mL acetone. The remaining pellet was added with 5.0-mL aliquot of DMSO-

water (9:1, v/v), rocked gently on a shaker overnight. After centrifugation at 3000 g, 

the pellet was washed twice with 5.0 mL DMSO-water and then with 5.0 mL distilled 

water three times. The remaining pellet was defined as total crude cell walls. The crude 

cell walls were further suspended in 0.5% (w/v) ammonium oxalate (5.0 mL) and 

heated for 1 h in a boiling water bath and all supernatants were used as pectin fraction. 

The remaining pellet was suspended in 4 M KOH containing 1.0 mg/mL sodium 

borohydride (5.0 mL) and incubated for 1 h at 25 °C. Total hexoses and pentoses 
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released from the 4 M KOH extraction and the pentoses released from 67% (v/v) H2SO4 

hydrolysis of the non-KOH-extractable pellet were summed as total hemicellulose 

content. Cellulose was estimated by calculating the hexoses from the non-KOH-

extractable pellet. The anthrone/H2SO4 method (Fry, 1988) and orcinol/HCl method 

(Dische, 1962) were respectively applied for the hexose and pentose assays. D-glucose 

and D-xylose were prepared to plot standard curves, and the pentose reading at 660 nm 

was deducted for the final hexose calculation to eliminate the interference of pentoses 

on the hexose reading at 620 nm. The remaining pellet after pectin fraction was added 

with 2.5 mL TFA (2 M) in a sealed tube at 121°C in an autoclave (15 psi) for 1 h. The 

supernatant was used to determine monosaccharide composition of hemicellulose by 

GC-MS as previously described (Li. et al, 2017). For cellulose and hemicellulose 

contents analyses, all experiments were conducted at independent triplicates.

Lignin level and monolignol detection 

The biomass powder samples (300 mg) were extracted with 1% NaOH at 50 °C for 2 h. 

After centrifugation at 3000 g, the remaining residues were washed twice with distilled 

water and dried under vacuum. The dried residues were used for lignin analysis. Total 

lignin content of the raw materials and the residues after 1% NaOH pretreatment were 

determined by two-step acid hydrolysis method according to the Laboratory Analytical 

Procedure of the National Renewable Energy Laboratory (Sluiter et al., 2008). The 

acid-insoluble lignin was calculated gravimetrically as acid-insoluble residue after 

correction for ash, and the acid-soluble lignin was measured by UV spectroscopy. 

Monolignols were extracted by Nitrobenzene Oxidation (NBO) as described by Schultz 

(1986) with minor modifications as described by Li et al. (2014). Standard H-, G- and 

S-monolignols were purchased from Sinopharm Chemical Reagent Co., Ltd. A Kro-

mat Universal C18 column (4.6 mm × 250 mm, 5 μm) was used for HPLC analysis 

with a SHIMADZU LC-20A machine with a UV-detector at 280 nm. CH3OH: H2O: 

HAc (16:63:1, v/v/v) was used as mobile phase (flow rate: 1.1 mL/min), the injection 

volume was 20 μL. For total lignin level assay, experiments were conducted at 

independent triplicates. 
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Characterization of metabolic products involved in lignin biosynthetic pathways

The second inverted internodes of rice stem tissues at heading stage were homogenized 

using a tissue grinder (Schwingműhle Tissue Lyser II, Germany) for 50 sec at 29 Hz. 

For each sample, 100 mg of dry powder was mixed with 1.0 ml of 70% methanol 

containing 0.1 mg/l acyclovir (internal standard), vortexed, and extracted for 10 h at 

4°C. After centrifugation at 9500 g for 10 min, the resulting supernatant passed through 

a 0.22 µm organic filter (SCAA-104; ANPEL, China) and collected for analysis using 

a LC-ESI-MS/MS system (HPLC) (Shim-pack UFLC SHIMADZUCBM20A system, 

5500 Q TRAP; Applied Biosystems, Framingham, MA, USA). A stepwise multiple ion 

monitoring-enhanced product ion was used to construct the MS2T library, as described 

by Chen et al. (2013). To facilitate the identification of the metabolites detected in this 

study, accurate m/z for each precursor ions was obtained using a time-of-flight mass 

spectrometry platform (HPLC, Shim-pack UFLCSHIMADZUCBM20A system, Triple 

TOF 5600; Applied Biosystems). The quantification of the metabolites was conducted 

using a scheduled multiple reaction monitoring (MRM) method as previously described 

by Chen et al. (2013). The scheduled MRM algorithm was used with an MRM detection 

window of 90 sec and a target scan time of 1.0 sec in Analyst 1.5 software. The 

metabolite data were log2 -transformed for statistical analysis to improve normality.

Biomass porosity and cellulose accessibility measurements

Simons’ stain (SS) was applied to determine the overall biomass porosity as previously 

described (Chandra，Ewanick, &Saddler, 2008; Sun et al., 2017). Direct Blue 15 (DB: 

Phenamine Sky Blue A Conc) and Direct Yellow 11 (DY) were purchased from Pylam 

Products Co. Inc (Garden City, NY). The samples (0.10 g) were added with 1 mL of 

Alum electrolyte solution (5 mM KAl(SO4)2 + 1.5 mM NaCl) to 15-mL polypropylene 

centrifuge tubes. A set of tubes with a 1:1 solution of DB and DY were prepared by 

adding the dye solution (10 mg/mL) in a series of volumes (0.25, 0.50, 0.75, 1.0, 1.5 

mL). Distilled water was added to a final volume of 10 mL, and the samples were 

incubated for 9 h at 70 ºC under shaken at 200 rpm. After centrifugation at 8000 g, the 
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absorbances of the supernatants were measured at 612.5 nm and 410.5 nm, which are 

the wave lengths of maximum absorbance for DB15 and DY11. The concentration of 

DB and DY dyes in the supernatants was calculated according to the Lambert–Beer law 

for binary solutions using equations 1 and 2. The maximum DB and DY dyes adsorbed 

to the biomasses were calculated using the Langmuir adsorption model as previously 

described by Chandra et al. (2008).

(1)A410.5 nm = ƐY/410.5LCY + ƐB/410.5LCB

(2)A612.5 nm = ƐY/612.5LCY + ƐB/612.5LCB

Where A is the absorbance of the supernatant from the dye mixture at 410.5 or 612.5 

nm, Ɛ is the extinction coefficient of each dye at the respective wavelength, and L is the 

path length equal to the cuvette width (1 cm). The calculated extinction coefficient 

values used in this study were ƐY/410.5 = 33.50, ƐB/410.5= 3.56, ƐY/612.5 = 0.13, 

ƐB/612.5 = 24.66 L g-1cm-1.

Congo Red stain was applied to detect the cellulose accessibility as previously 

described (Wiman et al, 2012; Alam et al, 2019; Cheng et al, 2019). The biomass 

samples (100 mg) were incubated with dye solution at a series of concentrations (0.5, 

1.0, 2.0, 3.0, 4.0, 5.0 g /L) in 0.3 M phosphate buffer at 60 ºC for 24 h. After 

centrifugation at 8000 g, the absorbance of the supernatant was measured at 498 nm. 

The cellulosic surface area was estimated from the maximum adsorption capacities by 

assuming that direct red adsorbs as dimer aggregates under the experimental conditions. 

The maximum dye adsorption capacity of the biomass was calculated using the 

monolayer Langmuir adsorption model. All measurements were conducted in 

independent triplicates.

Electron microscopy observation

The biomass residues were observed using scanning electron microscopy (SEM JSM-

IT300, Akishima, Tokyo, Japan) as previously described by Xu et al. (2012). Well-

mixed biomass residues were sputter-coated with gold in a JFC-1600 ion sputter (Mito 

City, Japan) and visualized for 5 to 8 times to acquire images.
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Biomass enzymatic hydrolysis

Acid (H2SO4) and alkali (NaOH) pretreatment and enzymatic hydrolyses were 

respectively performed as described by Fan et al. (2017). For the alkali pretreatment, 

biomass powders were incubated with 6 mL of 1% NaOH (w/v) under shaking (150 

rpm) at 50 °C for 2 h. For the acid pretreatment, biomass powder was added to 6 mL of 

1% H2SO4 (v/v) and heated at 121 °C for 20 min in an autoclave. After centrifugation 

at 3000 g for 5 min, the biomass residues of alkali or acid pretreatment were incubated 

with the mixed-cellulase enzymes (10.60 FPU g-1 biomass and xylanase 6.72 U g-1 

biomass), while 1% Tween was co-supplied. After enzymatic hydrolysis were 

performed under 150 rpm at 50 °C for 48 h, the supernatants were collected for yeast 

fermentation.

Yeast fermentation

Yeast fermentation was conducted with the Saccharomyces cerevisiae (purchased from 

Angel Yeast Co., Ltd., Yichang, China) strain using total hexoses obtained from 

saccharification as the carbon source at 3% solid loading. The fermentation liquid was 

distilled at 100 °C to collect ethanol liquor. Ethanol was measured using K2Cr2O7 

method as previously described by Alam et al. (2020). The fermentation liquid was 

distilled at 100 °C for 15 min to achieve ethanol liquor. Appropriate amount of ethanol 

sample in 2.00 mL 5% K2Cr2O7 (5g K2Cr2O7 dissolved in 90.00 mL distilled water and 

10.00 mL 98% sulfuric acid) was heated for 10 min in a boiling water bath. After 

cooling, the absorbance was read at 600 nm. All experiments were conducted in 

independent triplicate.

Crude cellulose hydrolysis with β-1,4-exoglucanase (cellobiohydrolase-CBH I)

The mature straws were dried, ground into biomass powders through size 40 mesh, and 

extracted with 4 M KOH (containing 1.0 mg/mL sodium borohydride) at 25 °C for 2 h 

to remove hemicellulose. The remaining pellets were washed 5 times with ddH2O and 

extracted with 8% (w/v) sodium chlorate (containing1.5% acetic acid, v/v) at 25 °C for 

48 h to remove lignin. The remaining pellets were washed 6 to 8 times with ddH2O, 
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dried under a vacuum and defined as crude celluloses. The crude cellulose samples (10 

mg) were incubated with 5 U CBH I (E.C. 3.2.1.91; Megazyme, USA) PH 4.8 at 37 °C 

for 14 h. The reaction was performed in the 1.5 ml tube with 100 mM NaAC, pH 5.0. 

After centrifugation at 3000 g, the supernatants were collected and treated with 2 M 

TFA at 120 °C for 1 h, and myo-inositol (20 μg) was added as the internal standard. The 

glucose released from CHB I was determined by GC-MS (SHIMADZU GCMS-

QP2010 Plus) as previously described by Huang et al. (2019).

Soluble enzyme detection and SDS-PAGE

The soluble cellulase enzymes were collected from the supernatants from biomass 

enzymatic hydrolysis described above, and total proteins were determined using 

Coomassie Brilliant Blue G250 assay (Sedmak et al., 1977). The Coomassie Brilliant 

Blue G250 dye was prepared in solution containing ethanol (w/v; 2:1) and phosphoric 

acid (w/v; 1:1) and filtered through a 0.22 µm filter. The absorbance of the protein-dye 

complex was reading at 595 nm using UV-vis spectrometer (V-1100D, Shanghai 

MAPADA Instruments Co., Ltd. Shanghai, China). Every 1.0 mL enzymatic 

hydrolysate was added into 10 mL ethanol for precipitating cellulase and reducing the 

Tween-80 interference. The precipitated protein was added into 1.0 mL distilled water 

and 3.0 mL Coomassie Brilliant Blue G250, and the absorbance was measured 10 min 

later. The protein samples were loaded into 12% SDS-PAGE gel as previously 

described by Sun et al. (2020). All protein content assays were performed in 

independent triplicate.

Data collection and statistical analysis

The SPSS statistics software was used for the statistical analysis. All data were initially 

analyzed by the Kolmogorov-Smirnov test to check for normal distribution. The 

Spearman correlation analysis was performed to calculate correlation coefficients, and 

the Student’s t-test was used for comparison analysis.
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Results and discussion

Selection of OsCAD2 as the target gene for rice genomic editing 

By searching for TIGR database, this study initially identified twelve DNA sequences 

matched to the OsCAD gene family in rice, which were designated as OsCAD1-D7, 

OsCAD8A, B, C, D, and OsCAD9 (Table S3). An unrooted phylogenetic tree was then 

generated from alignments of OsCADs proteins along with the orthologous AtCADs in 

Arabidopsis (Figure 1A). OsCAD2 was most close to the AtCAD4 and AtCAD5 in 

protein similarity (99% identity) and in motif constitution (Figure 1B). Furthermore, 

the OsCADs expression profiling was obtained from the CREP database 

(http://crep.ncpgr.cn; Wang et al., 2010) including the genome-wide expressions of 33 

tissues almost throughout the entire life cycle of rice (Table S1). All OsCAD genes 

could be classified into three major groups. As a difference from other members, the 

OsCAD2 was prominently expressed in the lignocellulose-rich tissues such as culm, 

mature sheath, panicle, hull and spikelet (Figure 1C), suggesting that it is an appropriate 

target for genomic editing in this study.

Generation of homozygous OsCAD2 transgenic lines with site-mutation by 

CRISPR/Cas9

Using CRISPR/Cas9 editing technology, this study selected one specific region in exon 

3 of the OsCAD2, with the 20-bp target site for the design of a sgRNA using CRISPR-P 

program (Figure 2A). The binary constructs carrying the sgRNA within target region 

with Cas9p driven by UBIp were generated (UBIp: Cas9-OsCAD2), and transformed 

into the japonica rice cultivar Nipponbare (NPB) via agrobacterium-mediated 

transformation, resulting in total 59 independent transgenic lines obtained in this study. 

A total of 43 T-DNA positive transgenic lines were identified by PCR, and 10 lines 

were further sequenced to verify gene editing occurrence.

We then screened out three independent homozygous rice transgenic OsCAD2-

edited lines carrying single-site (1 bp) insertions in the target regions (Figure 2B). 

Compared to the wild type (WT)/NPB, those three homozygous OsCAD2 site-mutated 
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lines exhibited normal plant growth with lower plant height (Figure 3A，Table S4). 

Furthermore, we found relatively lower lignin levels in the mature straws of three 

transgenic rice lines, and in particular, two lines showed significantly reduced lignin 

levels by 15% and 18%, compared to the WT (Figure 3B, Table 1). Notably, three 

transgenic rice lines showed significantly increased cellulose levels by 10%-12% and 

hemicellulose contents by 17%-21%. Hence, the increase of cellulose and 

hemicellulose contents should compensate for the reduction of lignin in the cell walls 

of the three transgenic lines, leading to normal plant growth and similar plant strength. 

In addition, this study showed similar monosaccharide compositions of hemicelluloses 

between modified lines and WT (Table S5), suggesting that the OsCAD2 site-mutation 

has little effect on hemicellulose biosynthesis.

Enhanced hexoses and bioethanol yields from the biomass of OsCAD2 modified lines

To measure biomass saccharification, we calculated both hexoses and pentoses yields 

released from enzymatic hydrolysis after chemical pretreatments of mature rice straws. 

Using our previously-established approaches (Xu et al., 2012; Li et al., 2017), this study 

performed mild acid (1% H2SO4) and alkali (1% NaOH) pretreatments to enhance 

biomass saccharification for bioethanol fermentation in three modified lines (Figure 4; 

Figure S1). Compared to the WT, the modified lines were of significantly higher hexose 

yields against cellulose (% cellulose) or dry matter (% DM) after pretreatments (n=3) 

(Figure 4A-D). In comparison, the alkali pretreatments led to much more enhanced 

hexoses yields than those of the acid pretreatments. Importantly, when 1% Tween-80 

was co-supplied into the enzymatic hydrolysis, the 1% NaOH pretreatment could cause 

an almost complete biomass saccharification with hexoses yields close to 100% (% 

cellulose) in two modified lines, whereas the WT only had the hexoses yield of 82% 

(Figure 4E). Meanwhile, this study also determined much more enhanced pentoses 

yields (% DM) released from enzymatic hydrolysis of pretreated biomass residues in 

all modified lines (Fig. S1), which should be due to relatively raised hemicellulose 

levels in the modified lines.

Furthermore, the modified lines showed much increased hexose yields by 60%, 
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compared to the WT, which was even higher than those of previously lignin-modified 

lines with raised rates of less than 46% (Table 2). Hence, the site-mutation of OsCAD2 

should be more effective for reducing lignocellulose recalcitrance. In addition, this 

study performed a yeast fermentation using total hexoses released from enzymatic 

hydrolysis, and determined significantly 25%-30% higher bioethanol yields in all 

modified lines than those of the WT at p < 0.01 (n=3) (Figure 4F). 

Distinct alteration of H- and G-monomers in the OsCAD2 modified transgenic lines

With respect to the lignin reduction in the OsCAD2 modified lines, this study 

determined three major monomer proportions of lignin in rice straws (Table 1). 

Compared to the WT, three modified lines showed reduced H-monomer and increased 

G-monomer levels with a similar S-monomer content. In detail, the average H-

monomer of the three modified lines was reduced by 34% and the average G-monomer 

was increased by 16% relative to the WT, which resulted in three monomers ratios (H/S, 

S/G, H/G) reduced by 1.7-, 1.2-, 1.8-folds in the modified lines. Hence, the modified 

lines showed a distinct alteration of H- and G-monomers in the mature rice straws 

(Table 1). Furthermore, on the basis of dry weight per plant, three monomers (S, G, H) 

levels of lignin were all reduced in the transgenic lines, compared to the WT, indicating 

that the OsCAD2 site-mutation could affect three monomers biosynthesis. The results 

also suggested that the site-mutation of OsCAD2 should predominately affect H-

monomer biosynthetic pathway, leading to a consequently enhanced G-monomer 

biosynthesis by redirecting the metabolic flux into the channel of coniferyl alcohol for 

G-monomer incorporation (Figure S2). However, it remains interesting to explore why 

the H-monomer biosynthesis was mostly inhibited in the transgenic lines in the future 

study. In addition, as many CAD-like putative genes have been identified with distinct 

catalytic activities for lignin biosynthesis in plants (Sibout et al., 2005; Youn et al., 

2006; Park et al., 2018), site mutations of different CAD genes may lead to 

characteristically modified lignocellulose production in the transgenic lines. 

Effective lignin extraction from alkali pretreatment in the OsCAD2 modified lines 

Page 13 of 40



As lignin deposition forms a barrier against biomass enzymatic hydrolysis, this study 

detected lignin extraction from alkali pretreatment with mature straws (Figure 5). By 

comparison, about 62%-70% lignin was extracted by the alkali pretreatment in the 

modified lines, but only 57% lignin removed in the WT (Figure 5A), indicating that the 

distinct alteration of H- and G-monomer should cause an effective lignin extraction in 

the modified lines. However, both modified lines and WT showed similar 

hemicellulose extraction rates of 11%-12% from the alkali pretreatments (Figure 5B), 

suggesting that the lignin modification may not affect its interaction with hemicellulose 

in the modified lines. Since correlation analysis has been well applied to account for 

wall polymer impacts on biomass enzymatic saccharification (Deng et al., 2020; Sun et 

al., 2017; Pei et al., 2016), this study found out that the lignin levels of biomass residues 

were negatively correlated with the hexoses yields released from enzymatic hydrolysis 

at p < 0.01 (n=24, R2 =0.91) (Figure 5C), which confirmed that the lignin extraction 

should play a major role for enhanced biomass enzymatic saccharification in the 

modified lines.

Increased biomass porosity and accessibility in the OsCAD2 modified lines 

Because the OsCAD2 modified lines are of high biomass enzymatic saccharification, 

this study measured biomass porosity and cellulose accessibility in mature rice straws, 

which have been characterized as the direct parameters accounting for enzyme 

accession and loading capacities (Grethlein, 1985; Sun et al., 2017; Alam et al., 2019). 

Using our improved Simons’ staining approach (Sun et al., 2017), we measured 

significantly increased yellow dye (DY) and total dye staining in raw biomass samples 

of modified lines at p < 0.01 level (n=3), but no significant difference in blue dye (DB) 

staining (Figure 6A-C). As DB and DY are accountable for small and large pore sizes 

of biomass residues respectively (Sun et al, 2017), the data revealed that the 

modification could increase the amounts of large-size pores in raw biomass materials. 

Interestingly, after the 1% NaOH pretreatments, the modified lines showed much more 

increased in both DB and DY staining than those of the WT (Figure 6D-F), consistent 

with the effective lignin extraction in the modified lines. On the other hands, the lignin 
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levels were negatively correlated with the total dyes at p < 0.01, whereas that both 

cellulose and hemicellulose levels showed the positive correlation with total dyes 

(Figure 6G), suggesting that the lignin extraction should play a specific role for 

increased biomass porosity. 

Subsequently, the cellulosic surface area was estimated in the wet state using 

DR28 staining (Congo red). Since the DR28 molecule (7.4Å×4.3Å×26.2Å) is specific 

for smaller pores (Pelekani & Snoeyink, 2001), the cellulosic surface area was 

measured from the maximum adsorption capacities by assuming that direct red adsorbs 

as dimer aggregates under the experimental conditions. Hence, this study conducted 

Congo Red stains with pretreated biomass residues to detect the cellulose surface areas 

accountable for cellulose accessibility. By comparison, three modified lines showed 

significantly raised cellulose surface areas than those of the WT at p < 0.05 level (Figure 

6H), suggesting that the modified lines should be of much more surface sites for 

cellulases loading and attacking. This result could be supported by the findings that the 

glucose yields released in the modified line are up to 1.5-2 folds higher than those of 

the WT from the cellobiohydrolase (CBH I) hydrolyses (Figure 6I). Because the CBHI 

specifically attacks on the reducing-ends of β-1, 4-glucan chains to produce cellobiose, 

the data could be directly accounting for increased cellulose accessibility in the 

modified lines (Huang et al., 2019). 

In addition, this study observed surface images of biomass residues in mature rice 

straws under scan electronic microscopy (Figure S3). Without any pretreatment, three 

modified lines obviously exhibited coarse surfaces than those of the WT. However, 

although alkali pretreatments could cause smooth surfaces in all biomass samples, three 

modified lines remained much rougher faces than the WT did, consistent with the 

findings of effective lignin extraction and increased biomass porosity and accessibility 

in the modified lines. 

Reduced cellulases adsorption for high biomass saccharification in the OsCAD2 

modified lines 

To test if the effective lignin extraction could also reduce mixed-cellulases adsorption, 
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this study further examined soluble protein contents in the supernatants of enzymatic 

hydrolyses with the pretreated biomass residues (Figure 7). Compared to the WT, three 

modified lines contained significantly increased soluble proteins at p < 0.01 (n=3), with 

the protein levels increased by 31%-37% (Figure 7A). SDS-PAGE profiling showed 

that the soluble proteins were derived from the commercial mix-cellulases incubated 

with the pretreated biomass residues for enzymatic hydrolysis (Figure 7B). In addition, 

the soluble proteins levels were positively correlated with the hexoses yields released 

from enzymatic hydrolysis at p < 0.01 (n=12, R=0.88) (Figure 7C), interpreting that the 

modified lines with increased biomass saccharification should be partially due to 

reduced mixed-cellulases adsorption with the pretreated biomass residues. Furthermore, 

the soluble proteins levels had a significantly negative correlation with lignin contents 

of the pretreated biomass residues at p < 0.01 (n=12, R=-0.81) (Figure 7D), but had no 

significant correlation with cellulose or hemicelluloses (data not shown), suggesting 

that lignin may be specific for enzyme adsorption. 

Taken together, this study demonstrated that the effective lignin extraction could 

not only increase biomass porosity and cellulose accessibility for efficient cellulases 

access and loading, but may also reduce cellulases adsorption in the OsCAD2 

modification lines, leading to an integrated enhancement of its biomass enzymatic 

saccharification for high bioethanol production.

Conclusion

Based on the precise editing of OsCAD2 by CRISPR/Cas9 technology, this study 

generated the OsCAD2 site-mutated lines showing a distinct lignin modification with 

predominately reduced H-monomer and increased G-monomers. Under mild alkali 

pretreatment, the OsCAD2 modified lines exhibit an effective lignin extraction for 

either remarkably increased biomass porosity (cellulose accessibility) or reduced 

cellulase adsorption, leading to integrated enhancements for almost complete biomass 

enzymatic saccharification and much increased bioethanol yields, compared to the WT. 

Hence, this study has demonstrated a powerful strategy for genetic modification of plant 
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cell walls in bioenergy crops, and it has also provided insights into lignin biosynthesis 

in plants. 
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Figure Legends

Figure 1. Structural analysis and co-expression profiling of OsCAD family in rice.

(A) Unrooted tree analysis of the OsCAD protein family. (B) Comparison of exons and introns of 

the OsCAD genes and motif constitution of the OsCAD protein family. (C) Genes co-expression 

profiling involved in lignin biosynthesis in two rice varieties (Z, Zhenshan 97 and M, Minghui 63) 

throughout the life cycles. The color scale represents the relative signal values: green refers to low 

expression; black refers to medium expression and red refers to high expression). 

Motif constitution in (B): first blue color-codes : LSPFS FSRRE TGEDD VTIKV LYCGI CHTD 

LHTIK NEWGN SMYPL VPGHE I ； gray color-codes: SSDAE ZMKAA AGTMD GIIDT 

VSATH PLAPL LSLLK PNGKL VLVGA PEKPL ； yellow color-codes: VDYDG TVTQG 

GYSDH IVVHZ RFVVR IPDGL PLDSA APLLC A；red color-codes: PGKHL GVVGL GGLGH 

VAVKF AKAFG LKVTV ISTSP GKRE EA ； second blue color-codes: GVVTE VGANV 

TKFKA GDRVG VGCIV GSCRS CESCN QGLEN YCPKM VF.

The X-axis indicates the tissues at the developmental stages in (C): 1, Calli (15 days after subculture); 

2, Calli (5 days after regeneration); 3, Calli (Screening stage); 4, Calli (15 days after induction T2); 

5, Calli (15 days after induction T3); 6, Seed imbibition; 7, Seed germination; 8, Plumule (48 h after 

emergence, Dark); 9, Plumule (48 h after emergence, Light); 10, Radicle (48 h after emergence, 

Dark); 11, Radicle(48 h after emergence, Light); 12, Seedling; 13, Young shoot; 14, Young root; 

15, Mature leaf; 16, Old leaf; 17, Mature sheath; 18, Old sheath; 19, Young flag leaf; 20, Old flag 

leaf; 21, Young panicle stages 3 (secondary branch primordium differentiation stage); 22, Young 

panicle stages 4 (pistil/stamen primordium differentiation stage); 23, Young panicle stages 5 

(pollen-mother cell formation stage); 24, Young panicle; 25, Old panicle; 26, Young stem; 27, Old 

stem; 28, Hull; 29, Spikelet; 30, Stamen; 31, Endosperm (7 days after pollination); 32, Endosperm 

(14 days after pollination); 33, Endosperm (21 days after pollination). The Y-axis represents the 

genes relative expression levels obtained from microarray analysis.

Figure 2. OsCAD2 gene models with target sequences.

(A) Construct for editing of target genomic sites in rice. (B) PCR detection of target sequences in 

three independent lines. The OsCAD2 gene model includes four exons separated by three introns 

(represented by the solid line) and Red mark as mutation site. 
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Figure 3. Phenotype observation of OsCAD2 modified lines.

(A) Plant images of OsCAD2 modified lines and WT at heading stage (Scale bar as 15 cm). (B) 

Contents of three major cell wall polymers (% dry matter) of mature rice straws. Student’s t-test 

between the modified line and WT at *p < 0.05 and **p < 0.01; increased or decreased percentage 

obtained by subtraction between the results of transgenic line and WT divided by the result of WT.

Figure 4. Biomass enzymatic saccharification in OsCAD2 modified lines compared with wild 

type.

(A, C, E) Hexoses yields (% cellulose) released from enzymatic hydrolysis after 1.0% H2SO4 

pretreatment or 1.0 % NaOH pretreatment or 1.0 % NaOH pretreatment plus 1% Tween-80. 

respectively. (B, D, F) Hexoses yields (% dry matter/DM) released from enzymatic hydrolysis with 

1.0% H2SO4 pretreatment or 1.0 % NaOH pretreatment or 1.0 % NaOH pretreatment plus 1.0 % 

Tween-80. Student’s t-test between the modified line and WT at *p < 0.05 and **p < 0.01 increased 

or decreased percentage obtained by subtraction between the results of transgenic line and WT 

divided by the result of WT.

Figure 5. Lignin and hemicellulose extraction from 1%NaOH pretreatment in OsCAD2 

modified lines and wild type. (A, B) Lignin and hemicellulose levels in raw materials and 

pretreated biomass residues, respectively; (C) Correlation analysis between the lignin levels and 

hexoses yields released from enzymatic hydrolyses of total 24 raw materials and pretreated residues 

(n=24). The percentages as wall polymer extraction rates of the pretreated biomass residues against 

the raw materials. ** As significant correlation at p < 0.01 level (n=24). 

Figure 6. Characterization of biomass porosity and cellulose accessibility in OsCAD2 modified 

lines and wild type. (A, B, C) Biomass porosity of raw materials detected by Simons' stain; Direct 

Yellow (DY) and Direct Blue (DB) as large pores and small pores, respectively. (D, E, F) Biomass 
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porosity of 1% NaOH pretreated residues. (G) Correlation analysis between wall polymers levels (% 

dry matter/DM) and total dye values (DY+DB); * and ** As significant correlations at p < 0.05 and 

0.01 level (n=12). (H) Cellulose surface area accountable for accessibility by Congo Red stain in 1% 

NaOH pretreated residues. (I) Glucose yield released from CBHI hydrolysis of the crude cellulose 

substrates. Student’s t-test between the modified line and WT at *p < 0.05 and **p < 0.01. The 

increased percentage calculated by subtraction between the values of transgenic line and WT 

divided by the value of WT.

Figure 7. Characterization of the mixed-cellulases added into the biomass enzymatic 

hydrolysis of OsCAD2 modified lines and wild type after 1% NaOH pretreatment plus 1% 

Tween-80.

(A) Total soluble enzyme levels (μg/mL) of the supernatant collected from enzymatic hydrolysis; 

Student’s t-test between the modified line and WT at **p < 0.01; increased percentage obtained by 

subtraction between the results of transgenic line and WT divided by the result of WT. (B) SDS-

PAGE profiling of the soluble enzymes; EG: endo-β-1,4-glucanase; CBH: cellobiohydrolase; XYNI: 

endo-1,4-β-xylanase 1. (C) Correlation analysis between the soluble enzymes levels and hexoses 

yields (% DM) released from enzymatic hydrolyses of lignocellulose substrates examined. (D) 

Correlation analysis between the soluble enzyme levels and lignin contents in the 1.0 % NaOH 

pretreated biomass residues. ** As significant correlation at p < 0.01 level (n=12).

Table captions

Table 1. Lignin composition of three rice transgenic lines relative to wide type (Nipponbare)

* and ** indicating the significant differences between transgenic lines and WT by t-test at P < 0.05 

and 0.01, respectively.  H, S and G represented p-hydroxyphenyl, syringyl, and guaiacyl.

Table 2. Comparison of biomass saccharification between the CAD2 rice transgenic lines and 

previously-reported engineered plants

Appendix A. Supplementary data

Supplementary data associated with this article can be found, in the online version at doi: http://
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Supplementary materials

Figure S1. Pentoses yields released from enzymatic hydrolysis (% cellulose) of mature straws 

in OsCAD2 modified lines and wild type under different pretreatments (1% H2SO4, 1% NaOH, 

1% NaOH plus 1% Tween-80). Student’s t-test between the modified line and WT at *p < 0.05 

and **p < 0.01 with the increased percentage and data as means ± SD (n=3).

Figure S2. A hypothetic model interpreting how the OsCAD2 site-modification may lead to a 

dynamical regulation on lignin biosynthetic pathways and its derivate metabolism. 

Decreased compounds marked by dashed boxes with arrows in red, increased compounds by dashed 

boxes with arrows in green. Solid arrows represent abbreviated biosynthetic steps. PTAL, Phe and 

Tyr ammonia lyase; TAL, Tyr ammonia lyase; PAL, Phe ammonia lyase; C4H, cinnamate 4-

hydroxylase; 4CL, 4-coumarate CoA ligase; HCT, p-hydroxycinnamoyl-CoA:quinate/ shikimate p-

hydroxycinnamoyl transferase; C3H, p-coumaroyl ester 3-hydroxylase; CSE, caffeoyl shikimate 

esterase; CCoAOMT, caffeoyl-CoA O-methyltransferase; COMT, 5-hydroxyconiferaldehyde O-

methyltransferase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase; PMT, 

p-coumaroyl-CoA: monolignol transferase; LAC, laccase; PRX, peroxidase. S, G and H: syringyl, 

guaiacyl and p-hydroxyphenyl units of lignin. CHS, chalcone synthase; CHI, chalcone isomerase; 

FNSII, flavone synthase II; F3’H, flavonoid 3’-hydroxylase;  OMT, O-methyltransferases; FOMT, 

flavonoid O-methyltransferase; FLS, flavonol synthase; ANS, anthocyanidin synthase; RT, 

rhamnosyl transferase UFGT; UDP Flavonoid glucosyl transferase;  F3’5’H,  flavonoid 3’, 5’-

hydroxylase;  DFR; dihydroflavonol 4-reductase. 

Figure S3. Scanning electron microscopic observations of raw materials and pretreated 

residues in OsCAD2 modified lines and wild type. Arrows marked rough sites of lignocellulose 

surfaces.

Table S1. The gene expression profile data in 33 rice tissue samples.

Table S2. List of PCR primers used in this study.

Table S3. List of the 12 OsCAD genes identified in rice.

Table S4. Major agronomic traits of OsCAD2 transgenic rice lines and wild type.

Table S5. Monosaccharide composition (% of total) of hemicellulose in OsCAD2 transgenic 

rice lines and wild type.
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Target

5’UTR 3’UTR

3209bp

Exon Intron

Target  WT: GCCAATGTGGAGCAGTACTGCAA

Transgenic lines #1: GCCAATGGTGGAGCAGTACTGCAA   +1bp 

#2: GCCAATGATGGAGCAGTACTGCAA    +1bp 

#3: GCCAATGTTGGAGCAGTACTGCAA    +1bp 

A

B
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Table 1. Lignin composition of three rice transgenic lines relative to wide type (Nipponbare)

* and ** indicating the significant differences between transgenic lines and WT by t-test at P < 
0.05 and 0.01, respectively.  H, S and G represented p-hydroxyphenyl, syringyl, and guaiacyl.

WT #1 #2 #3 Relative to WT

Cellulose 24.4±0.3 26.6±0.9* 26.7±0.6* 27.2±0.3** +10%

Hemicellulose 22.8±0.2 26.6±0.9* 26.9±0.4** 27.6±0.3** +19%

Lignin 14.6±0.6 13.3±0.4 12.0±0.6* 12.5±0.2* -14%

H-monomer of total (%) 21.0±4.2 13.3±2.0* 13.1±1.1* 15.4±3.6 -33.7%

S-monomer of total (%) 32.9±2.7 33.6±1.5 33.7±2.5 31.2±1.9 /

G-monomer of total (%) 46.1±2.0 53.1±0.5** 53.3±1.4** 53.4±1.6** +15.5%

H/S 0.7 0.4 0.4 0.4 -1.7 folds

S/G 0.7 0.6 0.6 0.6 -1.2 folds

H/G 0.5 0.3 0.2 0.3 -1.8 folds
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Table 2. Comparison of biomass saccharification between the CAD2 rice transgenic lines and previously-reported engineered plants
Samples Genetic engineering Altered lignin 

composition

Pretreatment Hexoses yield

 increased 

Reference

Rice OsCAD2-CRISPR/Cas9 H reduced; 

G increased

1% NaOH, 50℃, 2h 61~72% This study

Arabidopsis pCesA4:DCS_CURS2 

expression

Curcumin introduced 0.25% NaOH, 48h 14.3~24.2%, Oyarce et al, 2019

Maize 4CL mutant G reduced; 

H increased

1.5% H2SO4, 121 ℃ 40min 17.6% Xiong et al, 2019

Switchgrass RNAi -COMT S, G reduced 0.5 % H2SO4 18h 16.5~21.5% Fu et al, 2011a

Poplar AtF5H1 expression S increased TFA (1:20, W/V) -20 ℃ 15h < 35% Yang et al, 2019

Switchgrass RNAi -CAD S, G reduced 1.5% H2SO4, 121 ℃ 40 min 19~43% Fu et al, 2011b

Sugarcane RNAi -COMT S reduced 1.3% H2SO4, 121 ℃ 40 min 20~34% Jung et al, 2012

Arabidopsis QsuB expression H, S increased;

 G reduced

1.2% H2SO4, 120 ℃ 1h 26~37% Eudes et al, 2015

Switchgrass PvMYB4 overexpressing S/G decreased Condensing steam at 180 ℃ for 

17.5 min

28.9 % Eudes et al, 2015

Rice OsFNSII-knockout mutant S/G decreased Without pretreatment 25~40% Lam et al, 2017

Rice OsC3H-CRISPR/Cas9 H, p-coumarate &Tricin 

increased

Without pretreatment 24~46% Takeda et al, 2018
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