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Semi-overexpressed OsMYB86L2 specifically
enhances cellulose biosynthesis to maximize
bioethanol productivity by cascading
lignocellulose depolymerization via integrated
rapid-physical and recyclable-chemical processes†
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Genetic engineering of plant cell walls has been implemented in bioenergy crops, but the tradeoff

between biomass production and lignocellulose recalcitrance remains to be resolved. Although

OsMYB86L2 overexpression caused a defective phenotype in a homozygous Ho86 mutant, this study

found that its semi-overproduction could up-regulate cellulose biosynthesis and down-regulate non-cel-

lulosic polymer assembly into cell walls in a heterozygous He86 mutant, which not only generated a

desirable substrate that consists of a high level of cellulose and low-recalcitrance lignocellulose but also

resulted in the accumulation of a much higher level of fermentable sugars (a 1.6-fold increase) with a

similar grain yield to the wild type. After incubation with a recyclable alkali (CO) or organic acid (oxalic

acid) and a brief (1–2 min) microwave irradiation pretreatment, the He86 mutant showed near-complete

biomass saccharification from ultrasound-assistant enzymatic hydrolysis, leading to either a high yield of

cellulosic ethanol (15–17% dry matter) or maximum total ethanol (25–26% dry matter) via engineered

yeast fermentation. As these two optimal integrated pretreatments could largely co-extract the wall poly-

mers to reduce cellulose polymerization and increase lignocellulose accessibility and porosity,

accompanied by a distinct reduction in chemical inhibitor release, this study finally proposed a novel

mechanism to elucidate how the modified lignocellulose can be completely digested and efficiently con-

verted via integrated biomass processes, providing insights into precise lignocellulose modification and

effective biomass engineering.

Green foundation
1. (1) This study generated a unique lignocellulose substrate that has increased cellulose content and reduced recalcitrance by the genetic selection of a het-
erozygous He86 mutant for the first time. (2) Green-like pretreatments of the desirable lignocellulose substrate were optimally performed for remarkable
depolymerization by integrating short-time (1–2 min) microwave irradiation with a recyclable alkali (CaO) or organic acid (oxalic acid). (3) Ultrasound-assist-
ant hydrolyses were subsequently conducted to achieve near-complete biomass enzymatic saccharification.
2. The integrated green-like processes could effectively reduce lignocellulose recalcitrance by removing 54–72% hemicellulose and 51–59% lignin, increasing
bioethanol yield by 46%, achieving recycling 66–83% of acid and alkali chemicals, and reducing chemical inhibitor release by 55%.
3. (1) It provides a novel genetic engineering approach for desirable lignocellulose generation. (2) Integrated rapid physical and recyclable chemical pretreat-
ment is applicable for diverse lignocellulose substrates. (3) The simple recycling technologies remain to be explored in other acids and alkali pretreatments
in the green chemistry field.
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1. Introduction

Plant cell walls, as a characteristic carbon sink of higher
plants, represent enormous lignocellulose resources that can
be converted into renewable biofuels and valuable
bioproducts.1,2 As plant cell walls have complicated structures
to maintain plant strength and adaptation to environmental
stresses,3–5 their recalcitrance poses a significant challenge for
effective biomass conversion.2,6 Although genetic engineering
of plant cell walls has been implemented to reduce ligno-
cellulose recalcitrance, this simply results in a penalty to plant
growth and biomass production, and thus, lignocellulose
modification is limited in bioenergy crops.7–10

As a prominent constituent of plant cell walls, cellulose bio-
synthesis is central to plant morphogenesis and biomass pro-
duction.11 As the cellulose synthase gene (CesA) was identified
in the Atrsw1 mutant,12,13 the overexpression of AtCesA6-like
genes has been conducted to enhance both cellulose and
lignin deposition into plant cell walls to achieve high-yield
biomass, but lignocellulose recalcitrance is accordingly aug-
mented in transgenic Arabidopsis lines.14–16 Additionally,
several families of transcription factors (TFs) for the dynamic
regulation of plant secondary cell wall biosynthesis have been
characterized.17 In particular, the MYB (v-myb avian myelo-
blastosis viral oncogene homolog) superfamily has been
identified as a critical regulatory component of plant cell
walls.18 The overexpression of specific MYB transcription
factors, such as MYB46, MYB83, MYB58, and MYB63, has been
demonstrated to induce secondary wall thickening in
Arabidopsis,19–22 whereas OsMYB103L overexpression could
facilitate cellulose deposition by modulating OsCesAs and
other genes associated with cellulose microfibril assembly in
rice.23 Nevertheless, the overproduction of such TFs mostly
reinforced lignocellulose recalcitrance due to enriched cell-
ulose and lignin deposition in the plant cell walls.

With respect to lignocellulose conversion, chemical pre-
treatments have been broadly performed as the initial step to
reduce lignocellulose recalcitrance.2,24 Although classic acid
(H2SO4, HCl) and alkali (NaOH, KOH) pretreatments are
effective for the partial co-extraction of hemicellulose and
lignin, the incubation of lignocellulose substrates with high
concentrations of chemicals is under high temperatures is in
principle required, leading to costly biomass processing
along with secondary chemical waste release into the
environment.25–28 Alternatively, green-like physical and chemi-
cal pretreatments have been employed, such as microwave
irradiation,29 intermittent ultrasonication,30 liquid hot
water,31 and recyclable chemicals.32,33 For instance, organic
acids and CaO are increasingly considered as alternatives,
due to their relatively lower corrosion and recyclable
properties.34–36 Therefore, the integration of optimal physical
and chemical pretreatments represents a new direction for
cost-effective and green-like biomass processing.27,37,38

Rice is a food crop cultivated worldwide with millions of
tons of lignocellulose-rich straw.39,40 In this study, we identi-
fied a T-DNA insertion mutant in rice (Oryza sativa) that

exhibited greatly increased expression of OsMYB86L2
(Os05g0543600), a novel gene encoding a MYB transcription
factor. We then observed defective plant growth with a great
penalty to grain and biomass productivity in the homozygous
mutant (termed as Ho86) that overexpressed the OsMYB86L2
gene. Unexpectedly, we observed similar plant growth and
biomass yield in the heterozygous mutant (He86), which semi-
overexpressed OsMYB86L2, compared to its wild type. Hence,
this study focused on characterization of cellulose biosynthesis
in the heterozygous mutant (He86) and detected a significantly
increased cellulose level and fermentable sugar accumulation
along with relatively reduced contents of non-cellulosic poly-
mers (hemicellulose, pectin, lignin). As the reduction in non-
cellulosic polymers accounted for improved lignocellulose
recalcitrance in the He86 mutant, this study attempted to
explore the optimal physical and chemical pretreatments for
mature straw by integrating microwave irradiation with a recycl-
able organic acid (oxalic acid) or alkali (CaO). By further
employing our recently-established intermittent ultrasound
treatment with lignocellulose enzymatic hydrolysis,30 this study
achieved near-complete biomass saccharification in the He86
mutant, which enabled the highest yield of bioethanol via co-
fermentation of the released xylose and hexoses using an engin-
eered yeast strain.41 Finally, this study presents a novel hypothe-
tical model to explain how the heterozygous He86 mutant is
unique for enhancing cellulose biosynthesis with a related
reduction in hemicellulose and lignin deposition into plant cell
walls, leading to near-complete lignocellulose enzymatic sac-
charification and efficient bioethanol conversion, providing a
powerful strategy for precise genetic engineering of lignocellu-
loses and effective integrated biomass processes.

2. Materials and methods
2.1. Selection of rice mutant and transgenic lines

The rice mutant was selected from an activation tag T-DNA
mutagenesis pool of the japonica variety (Oryza sativa,
Nipponbare/NPB). Following the isolation of flanking
sequences and co-isolation identification, the mutation was
characterized as a T-DNA insertion into the OsMYB86L2 gene.
Transgenic rice lines were generated by utilizing a vector with
an rbcS promoter for the overexpression of the full-length
MYB86L2 cDNA, and the construct was then transformed into
rice (NPB) calli via Agrobacterium tumefaciens strain EHA105.
Positive T0 transgenic lines were selected using hygromycin
(Hyg) as a selectable marker for plant transformation. The
primers employed for gene cloning are detailed in Table S1.†
All plants were grown in the experimental field of Huazhong
Agricultural University (Wuhan, China). Dry straw tissues were
powdered, passed through a 40-mesh screen (0.425 ×
0.425 mm), and preserved in a dry container until in use.

2.2. RNA extraction and real-time PCR (qRT-PCR) analysis

Total RNAs were isolated from rice stem tissues at the seedling
and heading stages using the Vazyme RNA Isolation Kit (R404-
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1, Vazyme, Nanjing). Complementary DNA (cDNA) synthesis
was carried out using the HiScript II Q RT SuperMix for qPCR
(R223-01, Vazyme, Nanjing). Quantitative reverse transcription
polymerase chain reaction (qRT-PCR) was conducted employ-
ing the Taq Pro Universal SYBR qPCR Master Mix (Q712-02,
Vazyme, Nanjing) on a CFX384 qPCR System (Bio-Rad, USA)
following the manufacturer’s protocols. The obtained data
were analyzed utilizing the Bio-Rad CFX Maestro software,
and the 2−ΔΔCt method was applied to calculate the relative
gene expression levels. The rice housekeeping gene OsUBQ
(Os03g0234200) was employed as the endogenous control for
normalization. The primers used in this study are detailed in
Table S1.† All experiments were conducted in biological tripli-
cate to ensure reproducibility.

2.3. RNA-seq and DAP-seq assay

Total RNAs were isolated from the stem tissues of the WT and
mutants at the heading stage using the Vazyme RNA Isolation
Kit (R404-1, Vazyme, Nanjing) with three biological replicates.
Sequencing libraries were constructed using the TruSeq RNA
Sample Preparation Kit (Illumina, San Diego, CA, USA) accord-
ing to the manufacturer’s protocol, and sequenced on a
Hiseqplatform (Illumina). About 77686650–110159422 paired-
ends (36–100 bp) were generated for each sample, and raw
data were subjected to quality control using FastQC and fil-
tered using Trimmomatic from TBtools-II (v2.152) plugin.42

RNA-seq reads were mapped to the IRGSP-1.0 genome (https://
plants.ensembl.org/Oryza_sativa) and alignments were then
assembled using the One step RNAseq 2 Expression plugin.
Statistically significant differentially expressed genes (DEGs)
were calculated with DESeq2 using padj ≤ 0.01 and
|log2FoldChange| > 2.0. DEGs were annotated against the
Gene Ontology enrichment analysis.

The DNA affinity purification sequencing (DAP-seq) experi-
ments and data analysis were conducted as previously
described.23 All raw data analysis was accomplished using
MACS2 GUI Wrapper CallPeaks from the TBtools-II (v2.152)
plugin.42 All enrichment peaks were visualized using IGV soft-
ware (v2.19.1). The target gene was identified as the closest
gene containing a peak within 2000 bp upstream of the 5′UTR.

2.4. Wall polymer extraction and assay

Plant cell wall fractionation was performed as previously
described with minor modification.43,44 The soluble sugars,
lipids, starch and pectin compounds were sequentially
extracted using phosphate buffer (pH 7.0), chloroform–metha-
nol, dimethyl sulfoxide/water, and 0.5% (w/v) ammonium
oxalate. The remaining crude lignocelluloses were suspended
in a solution of 4 M KOH containing NaBH4 (1.0 mg mL−1)
and incubated at 50 °C for 1 h. The combined supernatants
(containing KOH and distilled water) were employed as the
KOH-extractable hemicellulose fraction. The remaining pellets
were solubilized in 72% H2SO4 (w/w) at 25 °C for 1 h, and the
hexose was detected as the cellulose level. The total hemi-
cellulose content was estimated by calculating the hexose and
pentoses of the KOH-extractable fraction and the pentoses of

the cellulose fraction. The hexose, pentose and uronic acid
assays were conducted using a UV-VIS spectrometer (V-1100D,
Shanghai MAPADA Instruments Co.). Total lignin was assayed
according to the Laboratory Analytical Procedure of the
National Renewable Energy Laboratory.45 The alkaline lignin
liquor was dried, subjected to sulfuric acid hydrolysis, and cen-
trifuged to determine soluble compounds and acid-insoluble
lignin by weight. All assays were accomplished under indepen-
dent triplicates.

2.5. Cellulose staining and feature assay

Cellulose staining was conducted as described.14 Cryosections
(8 μm thickness) were meticulously cut using a microtome
(RM2265, Leica). For visualization, the sections were subjected
to a 3 minutes incubation with Calcofluor White M2R fluoro-
chrome (fluorescent brightener 28; Sigma; 0.25 μg mL−1 in
dH2O). Imaging was conducted using an Olympus
BX-61 microscope (Japan) fitted with specific filter sets: 350/
450 nm (ex/em) and 490/520 nm (ex/em), respectively, to visual-
ize the stained cell walls and green emission from the FITC
fluorochrome.

The crystalline cellulose was extracted with acetic acid–
nitric acid–water (8 : 1 : 2, v/v/v), and the crude cellulose was
obtained using 4 M KOH and 8% (w/v) sodium chlorate at a
pH of 4.5. The degree of polymerization (DP) of the crude cell-
ulose and crystalline cellulose substrates were measured using
the viscometry method.31 The intrinsic viscosity values were
transformed into the cellulose DP based on the following
equation:

DP0:905 ¼ 0:75� ½η� ð1Þ
where [η] is the intrinsic viscosity of the solution, determined
by interpolation from the USP table.

The cellulose crystalline index (CrI) was determined by the
X-ray diffraction method (FRINGE CLASS ver-1.4.6.8,
LANScrientific, China) as described30,46 with minor modifi-
cation. Cu-Kα radiation generated at a voltage of 30 kV and
current of 16 mA and a scan speed of 0.02° s−1 from 10° to 60°
were employed to collect diffraction data for the estimation of
CrI using the equation:

CrIð%Þ ¼ I200 � Iam
Iam

� 100 ð2Þ

where I200 is the intensity of the 200 peaks at a 2θ value of
around 22.5°, which represents both crystalline and amor-
phous materials, while Iam is the minimum intensity of amor-
phous material between the 200 and 110 peaks at 2θ around
18°.

All experiments were conducted in independent triplicates.

2.6. Oxalic acid- and CaO-microwave irradiation (MWI)
pretreatments

For the oxalic acid–microwave irradiation (oxalic acid–MWI)
pretreatment, a biomass sample (0.300 g) was powdered by
ball milling, passed through a 40 mesh sieve, dried to a con-
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stant weight, and then incubated with 10 g of oxalic acid dihy-
drate (oxalic acid, 99.5%) powder and 5 mL ddH2O in a spheri-
cal reactor. The well-mixed sample was then subjected to
microwave irradiation at a power of 500 W for 1, 2, 3, or 4 min.
After reaction, 50 mL of deionized water was immediately
added to cool the sample. For the CaO–microwave irradiation
(CaO–MWI) pretreatment, biomass powder (0.300 g) was incu-
bated with 15 mL of a 5% CaO aqueous solution (prepared
using a 66.7% glycerol aqueous solution) and heated under
microwave irradiation at a power of 300 W for 1, 2, 3, or 4 min.
During the microwave irradiation process, magnetic stirring
was employed to ensure that the biomass was well mixed, and
a condensation reflux apparatus was installed to mitigate
solvent evaporation losses. The pretreated lignocellulose resi-
dues were finally washed with distilled water until reaching pH
7.0 for sequential enzymatic hydrolysis. All experiments were
performed under independent triplicates.

After the pretreatments, the cellulose retention, and hemi-
cellulose and lignin removal rates were calculated according to
the following equations:

Cellulose retentionð%Þ ¼ MGRP

MGRM
� 100 ð3Þ

For this equation, MGPR represents the mass of glucose in
the pretreated residue, and MGRM represents the mass of
glucose in the raw material.

Hemicellulose removalð%Þ ¼ 1� MPPR

MPRM

� �
� 100 ð4Þ

MPPR represents the mass of pentose in pretreated residue, and
MPRM represents the mass of pentoses in the raw material.

Lignin removalð%Þ ¼ 1� MLPR

MLRM

� �
� 100 ð5Þ

MLPR represents the mass of lignin in the pretreated residue,
and MLRM represents the mass of lignin in the raw material.

2.7. Recovery of oxalic acid and CaO solutions

The CaO–MWI pretreated residues were washed with a 5% (v/v)
HCl solution and then agitated at 25 °C for 30 min to ensure
the complete dissolution of residual CaO/Ca(OH)2 solids. After
the remaining residues were further rinsed three times with
distilled water, all supernatants were centrifuged (3000 g for
5 min) to remove any remaining solid particles and an approxi-
mately 10% (m/v) Na2CO3 solution was added to precipitate all
Ca2+. The resulting precipitate was filtered, washed three times
with distilled water, dried in an oven at 60 °C to constant
weight, and finally calcined in a muffle furnace at 900 °C for
2 h. After cooling to room temperature, the Ca2+ was recovered
and measured.

The oxalic acid–MWI pretreated residues were washed five
times with distilled water, and all supernatants were collected
after centrifugation at 3000 g for 5 min. All the combined
supernatants were then concentrated using an evaporator at
60 °C. Upon cooling at room temperature, the crystallized

oxalic acids were recovered by filtration. The remaining liquid
was further concentrated to induce additional crystal for-
mation, and this process was repeated until no further crystal-
lization occurred. Finally, the obtained crystals were rinsed
with a minimal amount of deionized water and dried
thoroughly in a vacuum drying oven to recover the oxalic acid.

2.8. Enzymatic hydrolysis and yeast fermentation for
bioethanol production

Pretreated biomass samples were washed with acetate buffer
(0.2 M acetic acid–sodium acetate, pH 4.8) and then incubated
with 3.2 g L−1 mixed cellulases (HSB, Imperial Jade
Biotechnology Co., Ltd, Ningxia 750002, China) including
mixed cellulases (10.60 FPU g−1 biomass) and xylanase (6.72
U g−1 biomass). The enzymatic hydrolysis was conducted with
a 5% (w/v) solids loading for 48 h at 50 °C under 150 rpm
shaking. During the enzymatic hydrolyses for 12, 24, or 36 h,
ultrasonic disruption was applied for 20 min using an ultra-
sonic cleaner (SB-3200D, China) at a frequency of 40 kHz and
an output power of 180 W. Following the enzymatic reactions,
the supernatants were obtained through centrifugation at
3000g for 5 min to determine the total released sugars, includ-
ing hexoses and pentoses. All the soluble sugars of the super-
natants were collected for ethanol fermentation using
Saccharomyces cerevisiae (Angel Yeast Co., Ltd, China) and the
engineered yeast strain E4 41 as previously described.28,46 All
analyses were conducted under independent triplicates.

2.9. Detection of lignocellulose porosity and cellulose
accessibility

A Micrometrics ASAP 2460 (USA) instrument was employed to
assess the pore size distribution of the biomass powder as pre-
viously described.9 The micropore volumes were determined
using the Horvath–Kawazoe (HK) and Barrett–Joyner–Halenda
(BJH) methods. Cellulose accessibility was estimated by per-
forming Congo red (CR) staining as previously described.47,48

All measurements were conducted in biological triplicates.

2.10. Fourier transform infrared (FTIR) spectroscopy
scanning

FTIR spectroscopy was performed to observe the chemical
groups in the rice stem samples using a PerkinElmer spectro-
photometer (NEXUS 470, Thermo Fisher Scientific, Waltham,
MA, USA) as previously described.49 The FTIR spectra were
acquired in absorption mode using 32 scans at a resolution of
4 cm−1 within the spectral range of 4000 to 400 cm−1.

2.11. Scanning electron microscopic (SEM) observation

The biomass samples were dried to a constant weight at 60 °C
and then passed through a 40-mesh sieve. For microstructural
characterization, the specimens were sputter-coated with gold
and examined using a scanning electron microscope (SEM
JSM-5610/LV, Hitachi, Tokyo, Japan). A total of 8–10 obser-
vations were conducted for each sample throughout this
study.49
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2.12. Total organic carbon (TOC) and LC-MS/MS analyses

Total organic carbons (TOC) were determined using an auto-
mated TOC analyzer (model Vario TOC, Elementar, Germany)
as described.50 All experiments were performed in biological
triplicate. For LC-MS/MS analysis, the pretreatment solution
and enzymatic hydrates (0.5–1.0 mL) were accurately weighed
into a centrifuge tube, diluted with twice their volume of a
methanol–acetonitrile mixed solution (1 : 1, v/v), homogenized
for 60 s, and extracted for 30 min using low-temperature ultra-
sonication. After centrifugation for 10 min at 12 000 rpm and
4 °C, the sample was allowed to rest for 1 h to precipitate the
protein at −20 °C and then centrifuged for 10 min at 12 000
rpm and 4 °C. After the supernatants were dried under
vacuum, re-dissolved using 100 μL 30% acetonitrile solution,
homogenized and centrifuged for 10 min at 4 °C, the super-
natants were collected for detection. The UPLC analytical
conditions included a Waters HSS T3 column (100 ×
2.1 mm, 1.8 μm), a temperature of 40 °C, a flow rate of
0.3 mL min−1 and an injection volume of 2 μL. HRMS data
were recorded using a Q Exactive HFX Hybrid Quadrupole
Orbitrap mass spectrometer equipped with a heated ESI
source (Thermo Fisher Scientific), utilizing the full-ms-
ddMS2 acquisition methods. The raw MS data were acquired
on the Q-Exactive using Xcalibur 4.1 (Thermo Scientific),
and processed using Progenesis QI (Waters Corporation,
Milford, USA) software for baseline filtering, peak reco-
gnition, peak matching, retention time correction and peak
alignment, resulting in a data matrix that includes retention
time, mass-to-charge ratio, and peak intensity. Commercial
databases and the self-built secondary mass spectrometry
(MS2) database of Sanshu Biotechnology (https://www.san-
shubio.com), along with their corresponding fragmentation
rules, were used to identify peaks containing MS2 data. The
matching of MS2 is mainly reflected in the score of the sec-
ondary fragments, where the total score is 100; a higher
score indicates a more reliable identification. Generally, a
score greater than 50 is considered to indicate a reliable
identification.51,52 Quantified data were output in Excel
format (ESI Table S7†). Data were analyzed using the R
package, where they were subjected to multivariate data ana-
lysis. The specific locations of all compounds from analyz-
ing their retention times and peak areas are described in
ESI Tables 6 and 7.†

2.13. Statistical analysis

Analyses of variance (ANOVA), regression coefficients and
Spearman’s rank correlation coefficient were analyzed using
Superior Performance Software System (SPSS version 16.0, Inc.,
Chicago, IL). Pair-wise comparisons were conducted between
two measurements using Student’s t-test. The line graph, his-
togram, and regression analysis for the best fit curve were
plotted using Origin 8.5 software (Microcal Software,
Northampton, MA). The average values were calculated from
the original independent triplicate measurements for these
analyses. Statistical analysis was performed using Student’s

t-tests (two tail distribution and two samples with unequal var-
iances) as *p < 0.05 and **p < 0.01.

3. Results and discussion
3.1. Altered biomass production of homozygous and
heterozygous mutants with distinct OsMYB86L2
overexpression

Employing our previously-established activating tag T-DNA
mutagenesis pool for the rice variety (Nipponbare/NPB),23 this
study initially focused on identifying leaf rolling and dwarf
mutation phenotypes (Fig. 1A), and then selected both homo-
zygous and heterozygous mutants (termed as Ho86 and He86)
that distinctively overexpressed the gene OsMYB86L2 (Fig. 1B–
D). Through isolation of flanking sequences and co-segre-
gation analysis, we detected that the T-DNA insertion occurred
38 bp upstream of the 5′ UTR in the promoter region of
Os05g0543600, and the protein homology comparison verified
its gene as OsMYB86L2, an R2R3-type transcription factor
(Fig. 1B). Real-time PCR assay indicated significant and dis-
tinct enhancements in the OsMYB86L2 transcription levels of
the He86 and Ho86 mutants (Table S1;† Fig. 1C and D), which
was validated by western blotting analysis (Fig. 1E). Compared
to the wild type/WT (Nipponbare, a japonica variety), the Ho86
mutant exhibited an extreme leaf rolling and dwarf phenotype
with a significant reduction (by 66%) of biomass production at
the mature stage, whereas the He86 mutant exhibited only a
slight reduction of 12% in biomass yield (Fig. 1F). In terms of
the defective phenotype observed in the Ho86 mutant, this
study further generated transgenic rice lines overexpressing
the OsMYB86L2 driven with the rbcS promoter, which were ver-
ified by quantitative PCR assay and western blotting detection
(Fig. S1†). Notably, the two representative transgenic lines con-
sistently exhibited a dwarf phenotype similar to that of the
Ho86 mutant, which confirmed that MYB86L2 overexpression
could critically affect plant growth and development. Based on
the field experiment, the Ho86 mutant had a significantly
reduced grain yield per plant, while the He86 mutant had a
grain yield close to that of the WT due to its significantly
increased grains per panicle and seed-setting rate (Table S2†).
As crop growth is strongly affected by cultivation and climate
conditions, the grain yields of the rice mutants should be rela-
tively varied in field experiments of different years.

3.2. Distinct lignocellulose compositions and soluble sugar
levels of Ho86 and He86 mutants

With respect to the alteration in biomass production between
the Ho86 and He86 mutants, this study determined the ligno-
cellulose compositions of their mature rice straw (Fig. 2A).
Compared to the WT, the Ho86 mutant showed a consistent
reduction of 14–49% in the four wall polymers at p < 0.01
levels (n = 3), whereas the He86 mutant had a significantly
increased cellulose level (by 12%) with relatively less reduction
in the contents of the other three wall polymers (hemi-
cellulose, lignin, and pectin). By performing Calcofluor stain-
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ing of cellulose microfibrils in the stem tissues, we observed
distinct in situ fluorescence intensities for the Ho86 and He86
mutants (Fig. 2B), confirming the different cellulose levels of
the two mutants relative to those of the examined WT. Despite
the reduced biomass production, both mutants contained
greatly increased (by 32–428%) soluble sugar levels in their
mature straw, particularly in terms of hexoses (Fig. 2C), which

may be due to the excess carbohydrates from plant photosyn-
thesis that are not utilized for wall polysaccharide
syntheses.46,53 Notably, the Ho86 mutant had even more
soluble sugars than the He86 mutant (up to 2-fold more),
which should be due to the much greater reduction in
biomass production in the Ho86 mutant. The results thus
suggest that OsMYB86L2 overexpression could negatively regu-

Fig. 1 Identification of He86 and Ho86 mutants. (A) Images of mature rice plants: WT/wild type (Oryza sativa, Nipponbare/NPB), He86 (heterozy-
gous mutant) and Ho86 (homozygous mutant) (scale bar = 20 cm). (B) Identified location of the OsMYB86L2 mutation from the candidate gene
Os05g0543600, with the T-DNA insertion occurring 38 bp upstream of the 5’ UTR in the promoter region. (C) Genotyping of the He86 and Ho86
segregants by PCR assay. (D) Real-time PCR assay of OsMYB86L2 expression. (E) Western blotting analysis of OsMYB86L2 protein levels using anti-
MYB86L2, with rbcL (rubisco large subunit protein) from the SDS gel running as an internal reference. (F) Total rice biomass at the mature stage.
Data are means ± SD (n ≥ 3). Increase or decrease percentages (%) obtained by subtraction of the He86 mutant and WT values divided by the WT
values. Lowercase letters (a, b, c) indicate multiple significant differences by the LSD test at p < 0.05, respectively.

Fig. 2 Detection of lignocellulose and soluble carbohydrates of mature rice straw in He86 and Ho86 mutants. (A) Wall polymer composition. (B)
Calcofluor staining of the transverse culm sections. Scale bar: 200 μm; gray value: mean of fluorescence signal acquired through scanning along the
dashed arrow. (C) Soluble sugars, data are means ± SD (n = 3). Increase or decrease percentages (%) obtained by subtraction of the He86 mutant
and WT values divided by the WT values; * and ** represent significant differences between the mutant and WT by two-tailed Student’s t-test at p <
0.05 and 0.01, respectively.
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late cell wall biosynthesis for defective plant growth and
reduce biomass production in the Ho86 mutant, whereas
OsMYB86L2 semi-overexpression should specifically enhance
cellulose biosynthesis while having a slight impact on the pro-
duction of other wall polymers in the He86 mutant.

3.3. OsMYB86L2 functions as transcription factor for distinct
regulation of cell wall biosynthesis

To understand the different lignocellulose compositions of the
Ho86 and He86 mutants, this study searched for homologs of
OsMYB86L2 from the genomes of major agricultural crops and
a genetic-model plant (Arabidopsis thaliana), and three similar
genes in rice were identified, namely, OsMYB86 (Os07g0634900),
OsMYB86L1 (Os01g0545100) and OsMYB86L2 (Os05g0543600)
(Fig. S2†). Importantly, the OsMYB86L2 gene had the highest
degree of homology with ZmMYB86L2 (AQK88135) in maize,
which has been defined as a major bioenergy crop with high
biomass production.48,53 Even though the MYB superfamily
has been characterized as transcriptional factors for the regu-
lation of growth and development in plants, this study also

conducted a typical transcriptional activation assay in yeast
cells, and OsMYB86L2 showed a functional N-terminal
transcriptional activity by predominant nuclear localization
(Fig. 3A and B), which could be classified as a prototypical
R2R3-type MYB transcription factor.

With respect to the MYB86L2 transcriptional levels, RNA-
seq was conducted using stem tissue samples of the wild type
rice and mutants, and a total of 1613 differentially expressed
genes (DEGs) were identified between He86 and the wild type,
with 845 genes up-regulated and 768 genes down-regulated
(Fig. S3†). Gene ontology enrichment analysis revealed that a
significant proportion of the DEGs were associated with cell
wall organization and biogenesis pathways (Fig. 3C). For the
RNA-Seq analysis of the Ho86 samples, higher expression
levels of MYB86L2 were observed for a greater number of DEGs
(Fig. S4A†), resulting in a broader spectrum of pathways and
increased enrichment in RNA modification and translation-
related processes (Fig. S4A†). In addition, the motif (C/T)(T/C)
(T/C)(C/T)ACC(T/G)AC was identified as the predominant
enriched sequence in MYB86L2 through DAP-seq sequencing

Fig. 3 Characterization of OsMYB86L2 as a transcription factor for the regulation of the gene expression of cellulose synthases (OsCesAs). (A)
Transactivation analysis of different regions of OsMYB86L2 in yeast (Y187). (B) Subcellular localization of OsMYB86L2 in Nicotiana benthamiana. (C)
GO analysis of differentially expressed genes obtained from RNA-seq of WT and He86 stem tissues at the heading stage. (D) Binding motifs of
MYB86L2 downstream target genes identified through DAP-seq; the upper and lower rows are complementary sequences. (E) Two downstream
target gene binding peaks of MYB86L2 identified through RNA-seq and DAP-seq analysis. (F) FPKM values of the two candidate target genes. (G)
Heat map illustrating CesA gene expression in WT, He86, and Ho86 samples. The data were derived from RNA-seq gene counts. (H and I) Real-time
PCR assay of OsCesAs genes involved in cellulose biosynthesis of secondary and primary cell walls in He86/Ho86 mutants. Data are means ± SD (n
= 3), ** represents significant differences between the mutant and WT by two-tailed Student’s t-test at p < 0.01, respectively.
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analysis (Fig. 3D). Several downstream target gene candidates
for cell wall synthesis were identified (Table S3†). Notably, two
genes exhibited a significant enrichment in their promoter
regions, OsPAL7 (PHENYLALANINE AMMONIA-LYASE 7), a
key enzyme involved in lignin synthesis, and OsXTH25
(XYLOGLUCAN ENDOTRANSGLUCOSYDASE/HYDROLASE 25), a
critical enzyme for hemicellulose degradation (Fig. 3E). The
changes in FPKM values paralleled the trends observed in wall
polymer composition (Fig. 2A and 3F). Heat map analysis of
CesAs gene expression in rice revealed that CesAs gene
expression was markedly upregulated in both He86 and Ho86
(Fig. 3G). Although MYB86L2 could not directly enrich the
OsCesAs promoter region, as revealed by enrichment peak ana-
lysis (Fig. S5†), real-time PCR assay of the CesAs transcription
levels suggested that MYB86L2 may promote CesAs biosyn-
thesis by indirectly regulating multiple biosynthetic pathways
in plant cell walls (Fig. 3H and I). Furthermore, using public
genomic data of the rice life cycle,54 this study observed that
the OsMYB86L2 gene had a similar gene expression pattern to
both the OsCesA4, 7, 9 genes, in particular for the tissues (leaf
sheath, stem) involved in secondary cell wall biosynthesis, and
the OsCesA1, 5, 8 genes for typical tissues (ovary, embryo,
endosperm) rich in primary cell walls (Fig. S6†). Taken
together, the MYB86L2 overexpression could enhance cellulose
biosynthesis in both primary and secondary cell walls, but the
Ho86 mutant showed much greater enhancement than the

He86 mutant did, leading to feedback for post-inhibited cell-
ulose deposition in the Ho86 mutant.

3.4. Significantly enhanced biomass saccharification to
maximize bioethanol production under integrated physical
and chemical processes

As the He86 mutant had a similar biomass production but an
altered lignocellulose composition relative to the WT, this
study focused on examining its use in enzymatic biomass sac-
charification for bioethanol production under integrated
physical and chemical processes (Fig. 4A). For the initial
biomass pretreatments, mature rice straw was incubated with
either the organic acid (oxalic acid dihydrate) or recyclable
alkali (5% CaO) under 500 W and 300 W microwave irradiation
(MWI) treatments. Biomass saccharification was then con-
ducted with ultrasound assistance to measure the yields of
hexoses (%cellulose) released by the enzymatic hydrolyses of
the pretreated lignocellulose substrates. During the time
course of the pretreatments, the He86 mutant showed the
highest yields of hexoses after CaO/oxalic acid–MWI pretreat-
ment for 1 and 2 min, whereas the WT required pretreatment
for 3 and 2 min (Fig. 4B). Although the He86 mutant straw had
a higher cellulose level than the WT straw, it showed signifi-
cantly increased yields of hexoses (by 6–21%) at p < 0.05 or
0.01 levels (n = 3) after the shorter (1–2 min) pretreatments,
but the longer (3–4 min) pretreatments adversely caused much

Fig. 4 Biomass saccharification and ethanol fermentation after the two optimal green-like pretreatments of mature straw of the He86 mutant and
WT. (A) Experimental flow chart of the three major stages of bioethanol production. (B) Time course of the oxalic acid–microwave irradiation (MWI)
and CaO-microwave irradiation (MWI) pretreatments for enhancing the hexose yields released from the enzymatic hydrolyses. (C) Bioethanol yields
obtained from engineered E4 yeast fermentation using total sugars released from enzymatic hydrolysis of the raw materials and optimally pretreated
(oxalic acid–MWI and CaO–MWI for 2, 1 min) residues. (D) Total theoretical ethanol yields using soluble sugars for the pretreated supernatant and
enzymatic hydrates of the optimally pretreated residues. Data as mean ± SD (n = 3), increase or decrease percentages (%) obtained by subtraction of
the He86 mutant and WT values divided by the WT values. * and ** indicate significant differences between the mutant and WT by two-tailed
Student’s t-test at p < 0.05 and 0.01, respectively.
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lower yields of hexoses in the He86 mutant, probably due to
the oxidation of hexoses due to the high-concentration pre-
treatments. Notably, under the optimal CaO/oxalic acid–MWI
pretreatment conditions (1–2 min), the He86 mutant exhibited
near-complete cellulose hydrolysis with hexose yields close to
100%, indicating that these short pretreatments should be
sufficient for effective biomass enzymatic saccharification in
the mutant.

As a consequence, this study performed a well-established
ethanol fermentation using an engineered yeast strain (E4)
capable of the co-conversion of hexoses and pentose.41 The
He86 mutant achieved much greater bioethanol yields than
those of the WT (by 8–18%) at p < 0.05 or 0.01 levels (n = 3) in
the raw straw and optimally pretreated lignocelluloses (Fig. 4C),
which should be mainly dependent on the increase in both the
cellulose level and biomass enzymatic saccharification in the
mutant. Mass balance calculation confirmed consistent
enhancements in the saccharification and bioethanol pro-
ductions achieved in the He86 mutant relative to the WT
(Fig. S7†). Additionally, this work estimated the total bioethanol
productivity by calculating the theoretical conversions of the
three sugar sources (Fig. 4D). In general, the He86 mutant
exhibited much higher bioethanol production than the WT did.
In particular, the He86 mutant could reach maximum bioetha-
nol yields of 25% and 26% (% dry matter) under the optimal
CaO/oxalic acid–MWI pretreatments, whereas the WT had
total bioethanol yields of only 17% and 21%. As a further
comparison, compared to previously reported bioethanol
productivities,34,38,49,53,55–62 the He86 mutant achieved the
highest bioethanol yields (Table 1), which should be mainly due
to its much increased cellulose level and near-complete
biomass enzymatic saccharification under the optimal physical–
chemical pretreatments performed. In addition, using a com-
mercial yeast strain (Angel) only capable of hexoses–ethanol
conversion, significantly increased (by 27–37%) bioethanol
yields were also determined in the He86 mutant relative to the
WT (Fig. S8†). Therefore, the He86 mutant represents a desir-
able lignocellulose substrate for near-complete biomass enzy-
matic saccharification, enabling maximization of bioethanol
productivity under integrated physical–chemical processes.

3.5. Efficient recovery and recycling of oxalic acid and CaO
after optimal biomass pretreatments

Given that acid and alkali recycling aligns with the principles
of green and sustainable development, this study attempted to
simply recover and recycle the oxalic acid and CaO solutions
remaining after the biomass pretreatments were conducted
(Fig. 5). By employing a gradient concentration method, the
pretreatment supernatants and residue eluents were co-evapor-
ated to obtain approximately 66% and 71% oxalic acid crystal
recoveries in the He86 mutant and wild type samples, respect-
ively (Fig. 5A and B). Additionally, this study employed HCl to
dissolve all the Ca2+ ions remaining in the pretreatment super-
natant and residue, and CaCO3 was further utilized to precipi-
tate the Ca2+ ions, resulting in 77% and 79% CaO recoveries in
the wild type and He86 mutant samples (Fig. 5C and D). The
recovered oxalic acid and CaO were further employed for the
optimal CaO/oxalic acid–MWI pretreatments as conducted
above, and the biomass enzymatic saccharification was deter-
mined, with hexose yields ranging from 72–83% (% cellulose)
being achieved using the wild type and He86 samples (Fig. 5E
and F), indicating that the restored oxalic acid and CaO are
still effective for biomass pretreatment and saccharification.
Hence, the optimal CaO/oxalic acid–MWI pretreatments per-
formed in this study assure significant efficacy in the recov-
eries of the chemicals oxalic acid and CaO to reduce process
cost and minimize environmental pollution, and their re-
cycling efficiencies remain consistently high for further cost-
effective biomass saccharification.

In addition, this study calculated the green metrics corres-
ponding to the environmental factor (E-factor).63 In terms of
the digestion of cellulose and its conversion into hexose and
bioethanol, the He86 biomass showed relatively lower E-factors
than the WT under the two optimal pretreatments conducted
in this study (Table 2), which should be mainly due to either
the significantly increased cellulose level and DP value or the
relatively reduced cellulose CrI value in the He86 sample.
Notably, the CaO–MWI pretreatment resulted in much lower
E-factors than the oxalic acid–MWI one did in both the He86
and WT samples, indicating that CaO is the more desirable

Table 1 Comparison of bioethanol productivities obtained in this study and from the previous reports in rice and other crops

Plant species Pretreatment Solid loading (%) Total ethanol (% dry matter) Ref.

Rice-He86 5% CaO + MWI, 300 W, 1 min 5 25 This study
Oxalic acid + MWI, 500 W, 2 min 5 26

Rice 10% CaO, 50 °C, 48 h 12 16 34
Rice 1.84% calcium hydroxide solution (100 °C, 4 h) 10 17 60
Rice 1% sulfuric acid (121 °C, 20 min) + 1% Tween-80 5 18 62
Rice Ammonia fiber expansion — 17 61
Rapeseed Steam explosion + 6% H2SO4 (120 °C, 20 min) 5 18 55
Corn 15% CaO + liquid hot water, 50 °C, 20 min 5 19 53
Sugarcane 6.4% K3PO4, 144.0 °C, 1 h 3.3 15 56
Cotton Liquid hot water pretreatment (LHWP) 8 18 57
Rice DES, MWI and laccase combinatorial pretreatment — 21 38
Amaranth 1% NaOH, 50 °C, 2 h 5 23 59
Miscanthus 4% NaOH (50 °C, 2 h) + 1% Tween-80 5 19 49
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green chemical for biomass processing. Despite the relatively
high E-factor for the oxalic acid–MWI pretreatment, the appli-
cation of less oxalic acid or an alternative acid remains to be
explored in a future study.

3.6. Remarkable wall polymer extraction for upgraded
biomass porosity from the two optimal pretreatments

To understand how the two optimal pretreatments could
enhance the enzymatic biomass saccharification, this study
measured the extraction rates of two major wall polymers via
the pretreatments for both the He86 mutant and WT (Fig. 6A).
Comparatively, the oxalic acid–MWI pretreatments could
extract 72–79% of hemicelluloses and 54–59% of lignin in
both the He86 mutant and WT samples, whereas the CaO–
MWI pretreatments gave relatively lower polymer extraction
RATES, in particular for hemicellulose removal of the WT.
Using Fourier Transform infrared (FTIR) spectroscopy, we
observed alterations in the characteristic peaks at 1033 and
1160 cm−1 in the optimally pretreated lignocelluloses of the
He86 mutant and WT (Fig. S9†), which should be attributed to
the C–O–C linkages between cellulose microfibrils and hemi-
celluloses (Table S4†). Moreover, the pretreated-lignocelluloses
displayed relatively reduced or shifted peaks at 831, 1240,

1480, 1605 and 1730−1, which were assigned to C–H, C–O–C,
C–H3, CvC and CvO, accounting for lignin interlinkages
with polysaccharides, respectively, which should confirm the
effective extraction of hemicellulose–lignin complexes using
the two optimal green-like pretreatments performed in this
study.

With respect to the effective wall polymer co-extraction of
the two optimal pretreatments, this study applied the
Brunauer–Emmett–Teller (BET) method to measure biomass
porosity, including surface area, total pore volume and pore
size (Fig. 6B–D). Compared to the raw materials, the lignocellu-
loses exhibited overall increases in porosity after the optimally
pretreatments for both the He86 mutant and WT samples, but
the oxalic acid–MWI pretreatment gave much larger surface
areas than the CaO–MWI pretreatment (Fig. 6B), consistent
with the different extractions of wall polymers using the two
pretreatments (Fig. 6A). Conversely, although the raw material
of the He86 mutant showed a larger surface area (by 19%) than
that of the WT, the two optimal pretreatments caused greater
enlargement of the surface areas (by 47% and 101%) in the
He86 mutant, mainly due to its altered lignocellulose compo-
sition (Fig. 2A). Likewise, the He86 mutant showed consistently
higher total pore volumes (by 11–51%) than the WT in the raw
materials and two pretreated lignocelluloses (Fig. 6C). By con-
trast, in average pore sizes were relatively reduced (by 6–25%)
in all samples of the He86 mutant (Fig. 6D), suggesting that
smaller pores should occur much more in the mutant com-
pared to the WT. Using scanning electron microscopy, we
further observed rougher surfaces for the pretreated lignocellu-
loses for both the He86 mutant and WT samples (Fig. 6E),
which was consistent with the increased biomass porosity after
the two optimal pretreatments were performed. Therefore, the

Fig. 5 Oxalic acid and CaO recovery and recycling from pretreatment supernatant and residues. (A and C) Experimental flow charts. (B and D)
Oxalic acid and CaO recovery rates (% of total). (E and F) Hexose yields (% cellulose) released from enzymatic hydrolyses after the two optimal pre-
treatments were performed with the wild type and He86 mutant using the recovered oxalic acid (E) and CaO (F). Data as means ± SD (n = 3), increase
or decrease percentage (%) obtained by subtraction of the He86 mutant and WT values divided by the WT value. * and ** represent significant differ-
ences between the mutant and WT by two-tailed Student’s t-test at p < 0.05 and 0.01, respectively.

Table 2 E-factor for cellulose to convert hexose and bioethanol

CaO-MWI Oxalic acid-MWI

Biomass Hexose Bioethanol Hexose Bioethanol
WT 3.39 7.55 39.97 88.94
He86 2.84 4.36 30.65 47.18
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two optimal pretreatments could effectively extract non-cellulo-
sic polymers to enlarge the lignocellulose surface areas and
pore volumes, particularly in the case of the He86 mutant,
which should be a major cause accounting for the greatly
enhanced biomass enzymatic saccharification observed in the
mutant.9,64

3.7. Consistently improved cellulose recalcitrance after the
two optimal pretreatments

To further understand the near-complete cellulose hydrolysis
of the He86 mutant under the two optimal pretreatments, we
measured the cellulose crystalline index (CrI) and degree of
polymerization (DP) in all the raw materials and pretreated
lignocellulose samples. All the mutant samples showed rela-
tively lower CrI values than those of the WT for both the raw
materials and pretreated lignocelluloses (Fig. 7A). The
increased CrI values in all the pretreated samples relative to
the raw materials, confirmed that the two optimal pretreat-
ments could effectively extract hemicelluloses and lignin by
disassociating the wall polymer interactions by hydrogen
bonds,30,34,46 which was also consistent with the relatively
greater wall polymer extraction using the conducted pretreat-
ments (Fig. 7A). As cellulose CrI is the crucial factor negatively
accounting for lignocellulose recalcitrance,9,16,44,65 the results
suggest that the He86 mutant had consistently reduced recalci-
trance. Additionally, this study detected a significantly
increased (by 42%) cellulose DP value in the raw material of
the He86 mutant relative to the WT (Fig. 7B), which should be
attributed to the greatly enhanced cellulose biosynthesis in the

mutant.14,66 However, the two optimal pretreatments could
greatly reduce the cellulose DP values in the mutant, mainly
due to the removal of a much greater amount of amorphous
cellulose chains in the mutant via the two pretreatment
processes.44,65 The greater amorphous cellulose extraction
could also explain the slightly lower cellulose retention rates in
the mutant samples relative to the WT after the two optimal
pretreatment processes (Fig. 7C). This suggests that the
physicochemical pretreatment may disrupt C–C and C–O
bonds, leading to the co-extraction of small amounts of amor-
phous cellulose chains into the pretreatment liquor.

Given that cellulose DP is a key factor negatively accounting
for assembly of the reducing ends of cellulose chains and cell-
ulose nanofibrils,44,65 this study further examined cellulose
accessibility in all samples using the well-established Congo
red staining method (Fig. 7D; Table S5†), which has been
characterized as an integrative parameter negatively account-
ing for lignocellulose recalcitrance.30,64 Notably, all mutant
samples showed consistently increased cellulose accessibility
compared to the WT, which not only reflected the reduction in
the recalcitrance of the lignocellulose of the He86 mutant, but
also confirmed the effective co-extraction of wall polymers via
the two optimal pretreatments conducted in this study.

3.8. Decreased generation of toxic chemicals in the optimal
pretreatment and enzymatic hydrolysis

As the initial pretreatment and subsequent enzymatic sacchari-
fication of biomass can generate large amounts of toxic chemi-
cals that either inhibit final yeast fermentation or are released

Fig. 6 Wall polymer extraction and lignocellulose porosity alteration resulting from the two optimal green-like pretreatments in the He86 mutant
and WT. (A) Hemicellulose and lignin removal rates (% of total). (B) BJH pore-size distribution profiling with BET surface area (m2 g−1). (C and D) Total
pore volume (cm3 g−1) and average pore size (nm, 4v/a by BET) from BET analysis. (E) SEM observation of lignocellulose substrates. Scale bars are
1 μm and white arrows highlight the rough face with pores. Data are mean ± SD (n = 3). Increase or decrease percentage obtained by subtraction of
the mutant and WT values divided by the WT value, respectively.
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Fig. 7 Alteration of the cellulose features in the He86 mutant and WT under the two optimal green-like pretreatments. (A) Cellulose CrI (crystalline
index). (B) Crude cellulose DP. (C) Cellulose retention rate. (D) Cellulose accessibility by Congo red staining with the maximum adsorption capacities
(qmax) determined using the Langmuir isothermal adsorption model. All adsorption parameters are listed in Table S4;† Data are mean ± SD (n = 3).
Increase or decrease percentage (%) obtained by subtraction of the mutant and WT values divided by the WT. ** represents significant differences
between mutant and WT by two-tailed Student’s t-test at the p < 0.01 level. n.s.: not significant.

Fig. 8 Detection of chemical compounds generated from the two optimal green-like pretreatments in the He86 mutant and WT. (A) Total organic
carbon (TOC) content. (B) Non-sugar organic carbon level (organic carbon excluding glucose and xylose). (C) LC-MS/MS identification of character-
istic compounds. (D) Total compound groups and amounts from the two pretreatments conducted with the mutant only. Data are means ± SD (n =
3). Increase or decrease percentage (%) obtained by subtraction of the mutant and WT value divided by the WT value. * and ** represent significant
differences between the mutant and WT by two-tailed Student’s t-test at p < 0.05 and 0.01, respectively.
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into the environment,27,28 this study measured all the chemi-
cal compounds generated from the two optimal pretreatments,
including the total organic carbon and non-sugar organic
carbon (Fig. 8A and B). In general, the CaO–MWI pretreatment
produced much less total organic carbon than the oxalic acid–
MWI pretreatment. In particular, the He86 mutant released
significantly less chemicals than the WT did at the p < 0.05 or
0.01 level (n = 3), which should be mainly owing to the depo-
sition of less non-cellulosic polymers into the plant cell walls
with the relatively reduced lignocellulose recalcitrance in the
mutant. Using mass spectrometry databases for LC-MS/MS
and the scores of their secondary mass spectrometry frag-
ments for matching, a total of 618 and 510 compounds were
identified and annotated based on their peak areas and reten-

tion times, revealing the different compound compositions in
the two pretreatment supernatants (Fig. 8C). We further cate-
gorized the identified the compounds into 11 groups based on
their chemical properties and functional groups (Fig. 8D).
Comparatively, the CaO–MWI pretreatment generated many
fewer types of organo-oxygen compounds (Group 3), carboxylic
acids and derivatives (Group 9) and other compounds (Group
11) than the oxalic acid–MWI pretreatment, which should be
mainly due to the significantly reduced compounds from the
CaO–MWI pretreatment. Additionally, this study detected
much lower total organic carbon (by 10-fold) levels after the
subsequent enzymatic hydrolyses of the pretreated lignocellu-
loses, with the He86 mutant releasing fewer compounds, par-
ticularly for the enzymatic hydrolysis of the CaO–MWI pre-

Fig. 9 Hypothetical model to link the major parameters accounting for the how genetic-modified lignocellulose of He86 mutant is digested and
converted under the two optimal green-like pretreatments. Green (+) represents a factor that is improved in the mutant relative to the WT. Red (+)
represents a factor that is enhanced from pretreatment, enzymatic hydrolysis or yeast fermentation in the mutant.
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treated lignocellulose (Fig. S10A and 10B†). Likewise, a total of
11 groups of chemicals were also detected in the enzymatic
hydrates (Fig. S10C and S11; Table S6†), but the enzymatic
liquid of the CaO–MWI pretreated lignocellulose produced
relatively fewer compounds only in Groups 10 & 11 (Fig. S10C†)
compared to the pretreatment supernatant (Fig. 8D). Overall,
the He86 mutant produced significantly fewer toxic chemical
compounds in the two optimal pretreatments and sequential
enzymatic hydrolyses, which represents another reason for the
greatly enhanced biomass enzymatic saccharification and final
yeast fermentation capacity of the mutant.

3.9. A hypothetical model for the enhanced biomass
saccharification and bioethanol productivity

Based on all the major findings achieved in this study, a
mechanistic model was proposed to elucidate how the inte-
grated green-like biotechnology achieves the near-complete
enzymatic saccharification to maximize bioethanol pro-
ductivity in the He86 mutant (Fig. 9). Although overexpression
of the MYBs family has increased biomass production in most
transgenic plants examined, it also increases the lignocellulose
recalcitrance against enzymatic biomass saccharification.21,67

In this work, semi-overexpression of OsMYB86L2 specifically
upregulated cellulose biosynthesis to enhance cellulose depo-
sition into plant cell walls by increasing the expression of
various OsCesAs in the He86 mutant. Unexpectedly, this study
also determined significantly reduced cellulose CrI values and
non-cellulosic polymer (hemicellulose, lignin) levels that could
account for the relatively improved lignocellulose recalcitrance
in the He86 mutant, which was quite different from previous
reports in other transgenic plants. Despite the reduced ligno-
cellulose recalcitrance from distinct site mutations of
OsCesAs,9,34,44 almost all mutants have shown both less cell-
ulose and more lignin deposition to maintain the mechanical
strength and biomass production of the plant, which rep-
resents another difference from the He86 mutant. Moreover, as
the He86 mutant accumulated much greater amounts of
soluble sugars that could be directly fermented for bioethanol
production, OsMYB86L2 semi-overexpression should conse-
quently regulate carbon partitioning from the deposition of
distinct wall polysaccharides.14,68 Enhanced cellulose biosyn-
thesis can cause a high accumulation of long-DP cellulose
microfibrils in transgenic plants;14,16 this study also deter-
mined a higher cellulose DP value in the He86 mutant, but the
two optimal physical–chemical pretreatments could greatly
reduce its cellulose DP value to a level close to that of the WT,
probably due to the effective extraction of amorphous cellulose
chains.9,44 Notably, the two optimal pretreatments remarkably
co-extracted hemicelluloses and lignin to upgrade cellulose
accessibility and lignocellulose porosity, which was respon-
sible for the greatly improved lignocellulose recalcitrance in
the mutant. This enabled an integrative enhancement of the
ultrasound-assisted enzymatic hydrolysis for near-complete
biomass saccharification in the mutant. Nevertheless, even
though the CaO–MWI pretreatment extracted relatively less
wall polymers than the oxalic acid–MWI pretreatment did, it

produced fewer chemical inhibitors, thus sustaining the high
biomass saccharification and bioethanol production.
Conversely, more total sugars were obtained from the oxalic
acid–MWI pretreatment and sequential enzymatic hydrolysis,
resulting in the achievement of a higher yield of total bioetha-
nol in the mutant. Therefore, this model has demonstrated an
integrative strategy for near-complete selective enzymatic
biomass saccharification and thus high-yield bioethanol pro-
ductivity via the precise engineering of plant cell walls coupled
with two optimal biomass processes.

4. Conclusion

While OsMYB86L2 overexpression can seriously affect plant
growth and biomass production, this study has found that its
semi-overproduction specifically enhances cellulose biosyn-
thesis and consequently reduces the deposition of other wall
polymers into cell walls while not affecting plant growth and
biomass production, which leads to a “three birds with one
stone” effect for generating a desirable substrate with a high
level of cellulose and low-recalcitrance lignocellulose in the
heterozygous He86 mutant. These findings are fairly different
from those for previously reported transgenic plants and
genetic mutants, and allow the achievement of near-complete
biomass enzymatic saccharification to maximize bioethanol
productivity after conducting the two optimal CaO–MWI and
oxalic acid–MWI pretreatments for very short times. Notably,
this study achieved relatively high recovery and recycling of the
CaO and oxalic acid after the two optimal pretreatments were
performed. The CaO–MWI pretreatment was advantageous for
the low-E-factor conversion of cellulose into bioethanol, while
the oxalic acid–MWI treatment produced relatively more total
bioethanol from the fermentation of all soluble sugars using
an engineered yeast strain. Hence, this study has proposed a
novel mechanism to link all the major findings regarding the
degradability and transformability of the desirable ligno-
cellulose, providing a green-like strategy for effectively integrat-
ing up-stream lignocellulose modification and down-cascade
biomass conversion.
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