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A B S T R A C T   

Crop straws provide enormous biomass residues applicable for biofuel production and trace metal phytor
emediation. However, as lignocellulose recalcitrance determines a costly process with potential secondary waste 
liberation, genetic modification of plant cell walls is deemed as a promising solution. Although pectin methyl
ation plays an important role for plant cell wall construction and integrity, little is known about its regulation 
roles on lignocellulose hydrolysis and trace metal elimination. In this study, we initially performed a typical 
CRISPR/Cas9 gene-editing for site mutations of OsPME31, OsPME34 and OsPME79 in rice, and then determined 
significantly upgraded pectin methylation degrees in the young seedlings of three distinct site-mutants compared 
to their wild type. We then examined distinctively improved lignocellulose recalcitrance in three mutants 
including reduced cellulose levels, crystallinity and polymerization or raised hemicellulose deposition and cel
lulose accessibility, which led to specifically enlarged biomass porosity either for consistently enhanced biomass 
enzymatic saccharification under mild alkali pretreatments or for cadmium (Cd) accumulation up to 2.4-fold. 
Therefore, this study proposed a novel model to elucidate how pectin methylation could play a unique 
enhancement role for both lignocellulose enzymatic hydrolysis and Cd phytoremediation, providing insights into 
precise pectin modification for effective biomass utilization and efficient trace metal exclusion.   

1. Introduction 

Plant cell walls represent the most lignocellulose resources that are 
transformable for biofuels and biochemicals [1–3]. In higher plants, 
there are two types of cell walls: a pectin-rich primary cell wall that 
encircles growing cells and a lignin-high secondary cell wall that up
holds structural support to mature cells [4–6]. Particularly, the primary 
cell wall synthesis involves in cell division and elongation, whereas the 
secondary cell wall deposition initiates with cell differentiation and 
thickness [7,8]. As pectin is the most complex polysaccharide rich at 

galacturonic acid, it plays a regulation role in plant growth and devel
opment for biomass production [9,10]. While recent solid-state NMR 
detections indicate that pectic polysaccharides form a macromolecular 
network within plant cell walls through covalent interactions and other 
cross-links [9,10], it suggests that pectic molecules are highly 
substituted with side chains interlinked with cellulose microfibrils and 
hemicelluloses, leading to a coextraction of wall polymers from biomass 
pretreatments [7,11,12]. However, much remains unknown about the 
pectin modification such as pectin methylation could affect lignocellu
lose destruction and biomass enzymatic saccharification. 
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Pectin methyl-esterases (PME) proteins have been characterized as 
the enzymes for catalysis of galacturonic acid de-methylation in plants 
[4,13], and they are thus considered to play important roles in loosening 
and stiffening of plant cell walls by demethylesterification of homo
galacturonans (HGs) in most plant species [10,14]. Because the uronic 
acids of pectin are involved in chemical interaction with trace metals 
[15–20], it remains to explore pectin methylation impact on trace metal 
accumulation in plant cell walls. Meanwhile, as phytoremediation has 
drawn attention for trace metal elimination [21–23], genetic engineer
ing of plant cell walls in desirable crops is increasingly thought as a 
green-like de-toxic technology for exclusion of cadmium (Cd) [24–27], 
which is one of major trace metals polluted in agricultural lands around 
the world [19,23,28,29]. 

As the initial step, physical and chemical pretreatments have been 
conducted to enhance sequential biomass enzymatic saccharification 
[30]. For instance, alkali pretreatments are broadly applied to effec
tively detach hemicellulose with lignin co-extraction [31], which could 
degrade lignocellulose recalcitrance to improve cellulose accessibility 
for high enzymatic saccharification in bioenergy crops [32,33]. How
ever, due to its natural recalcitrance, lignocellulose substrates mostly 
necessitate alkali pretreatments at heavy concentration and high tem
perature, which not only causes an overpriced biomass process, but also 
circulates secondary wastes into the environment [34]. Therefore, ge
netic improvement of lignocellulose recalcitrance has been advanced by 
selecting genetic mutants and transgenic lines in bioenergy crops. 

Rice is one of major food crops over the world and provides large 
amounts of lignocellulose-rich straw [35,36]. In this study, we initially 
selected three types of genetic-stable homozygous site-mutants by per
forming classic CRISPR/Cas9 editing for OsPME31, OsPME34 and 
OsPME79 genes in rice wild type/WT (Nipponbare/NPB). Using younger 
seedlings rich at pectin, we then detected either significantly higher 
degrees of pectin methylation or much raised biomass porosity in three 
rice mutants (Ospme31, Ospme34, Ospme79), compared to their WT. 
Further performing mild alkali pretreatments with both young rice 
seedlings and mature straws, this study determined consistently 
enhanced hexoses yields released from enzymatic hydrolyses of pre
treated lignocelluloses in three mutants, mainly due to their augmented 
cellulose accessibility. Meanwhile, despite of reduced uronic acids 
levels, this study found that three mutants could accumulate much more 
soluble Cd in the young seedlings relative to the WT, suggesting a novel 
mechanism that is different from the previous report about the Cd 
phytoremediation. Therefore, this study provided a new strategy for 
enhancing biomass enzymatic saccharification and Cd phytor
emediation by upgrading pectin methylation in bioenergy crops. 

2. Materials and methods 

2.1. Rice mutant selection and biomass sample collection 

The rice cultivar (NBP), Oryza sativa L. japonica, was used as WT for 
genetic transformation to generate transgenic rice mutants. The 
CRISPR/Cas9 editing vector pRGEB32 (donated by Professor Xie Kabin) 
and CRISPR/Cas9 vector (provided by Mrs. Hu Shiping) were applied for 
gene-editing of three rice OsPME31, OsPME34 and OsPME79 
(LOC_Os10g26680, LOC_Os06g09340, LOC_Os01g65790). TBtool was 
used for gene structure analysis and MEME software was applied to 
predict the motifs in OsPME protein sequences [37]. Gene trans
formation and genetic identification of three mutants (Ospme31, 
Ospme34, Ospme79) were accomplished according to our recently- 
established methods [2,15,38,39]. 

Rice mutants and WT were grown in the experimental fields of 
Huazhong Agricultural University, and major agronomic traits were 
observed as described [38]. The mature rice straws were harvested, 
dried at 50 ◦C and stored in a dry container until in use [22]. Meanwhile, 
the rice seedlings were grown at hydroponics culture for 30 days, and 
their straws samples were also collected as just described. 

2.2. Hydroponic culture of rice seedlings with cd 

Rice seeds were germinated in distilled water for 3 days at room 
temperature, and then shifted into water-culture plates to grow for 15 
days within green house at 26 ◦C. Every two days, the culture plates 
were slightly shaken and supplemented with water to the initially-fixed 
levels. The 15-day-old seedlings were further supplied with 200 μM 
CdCl2 (CAS No.10108–64-2) to grow for another 15 days under regular 
shaking and water supplement as described just. All 30-day-old seedings 
materials were collected for determination of total Cd and phosphate- 
buffer-extractable Cd as previously described [15,40]. Each treatment 
contained 96 rice seedlings with three biological duplications. 

2.3. Wall polymer extraction and determination 

Wall polysaccharides of biomass samples were extracted as previ
ously described [41]. The soluble sugars, lipid and starch were conse
quently separated by phosphate buffer (pH 7.0), chloroform–methanol 
(1:1, v/v) and dimethyl sulphoxide (DMSO)–water (9:1, v/v) [42]. The 
remaining crude cell walls were suspended in 0.5 % (w/v) ammonium 
oxalate (5.0 ml) and heated for 1 h in a boiling water bath and all su
pernatants were used as pectin samples. The remaining pellets were 
extracted with 4 M KOH containing NaBH4 (1.0 mg/mL) and the com
bined supernatants were collected as KOH-extractable hemicellulose 
fraction. The residues were suspended in 67 % H2SO4 (v/v) for 1 h at 
25 ◦C to determine hexoses accounting for cellulose levels. Total 
hemicelluloses were calculated subjective to hexoses and pentoses in the 
KOH-extractable hemicellulose fraction and pentoses in the remained 
cellulose pellets. UV-VIS spectrometer (V–1100D, Shanghai MAPADA 
Instruments Co.) was employed for hexose, pentose and uronic acids 
assays as previously described [43]. All experimental analyses were 
completed under independent triplicate. 

2.4. Pectin methylation assay 

For measurement of pectin methylation degree [15], pectin was 
initially extracted with ammonium oxalate solution as described above, 
and I mL pectin solution was incubated with 0.4 mL of 0.5 M NaOH for 1 
h at room temperature. After neutralization with 0.2 mL of 1 M HCl, the 
pectin sample was centrifuged at 2400g for 10 min, and the released 
methanol was oxidized for 15 min at room temperature using 0.03 units 
of alcohol oxidase (Sigma-Aldrich; www. sigmaaldrich.com) in 0.25 mL 
of 20 mM phosphate buffer (pH 7.5). The resultant extract was then 
treated for 15 min at 60 ◦C in 20 mM acetyl acetone, 50 mM acetic acid, 
and 2 M ammonium acetate. Absorbance was read at 412 nm and a 
standard curve was generated with a methanol dilution series for 
calculation of pectin methylation degree. All assays were completed at 
independent triplicate. 

2.5. Immunolabeling observation of wall polysaccharides 

Rice stem (0.5–1.0 cm) tissues were embedded with 4 % agar, cut 
into 80 μm sections using a microtome (VT1000S, Leica) [44], and then 
embedded in paraplast plus for immunolabeling as described [15,30]. 
Sections were rinsed completely in PBS buffer, incubated with 5-fold 
dilution of cell wall glycan-directed monoclonal antibodies (mAbs) fol
lowed by 200-fold and 100-fold dilution of anti-mouse IgG linked to 
fluorescein isothiocyanate (FITC). LM-19 and LM-20 were applied to 
recognize epitopes in de-esterified homogalacturonan. After section 
samples were well rinsed, the FITC fluorescence was observed with an 
confocal microscopy (Olympus FV1200) equipped with epifluorescence 
optics as previously described [30]. 
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2.6. Measurement of cellulose crystallinity, polymerization and 
accessibility 

Cellulose crystalline index (CrI) was detected by Rigaku-D/MAX 
instrument (Ultima III, Japan) as previously described [15,45]. The 
biomass sample was laid on the glass holder (35 × 50 × 5 mm) and 
examined under plateau conditions. Ni-filtered Cu Kα radiation (λ =
0.154056 nm) generated at voltage of 40 kV and current of 18 mA, and 
scanned at speed of 0.0197◦/s from 10◦ to 45◦. The crystallinity index 
was calculated using the intensity of the 200 peak (I200, θ = 22.5◦) and 
the intensity at the minimum between the 200 and 110 peaks (Iam, θ =
18.5◦) as the following equation: CrI = 100 × (I200–Iam)/I200. 

The viscosity method was previously described [15] to detect the 
degree of polymerization (DP) of cellulose samples according to the 
equation: DP0. 905 = 0. 75 [η]. The [η] is the intrinsic viscosity of the 
solution, and all experiments were performed at 25 ± 0.5 ◦C using an 
Ubbelohde viscosity meter and cupriethylenediamine hydroxide (Cuen) 
as the solvent. The intrinsic viscosity was calculated using the USP table 
(USP, 2002) that lists the predetermined values of the product of 
intrinsic viscosity and concentration. 

Congo red (CR) stain was applied to estimate cellulose accessibility 
as previously described [32,46,47]. The samples (100 mg) were treated 
with a series of CR solutions (0.50, 1.0, 2.0, 4.0, 6.0, 8.0 mg/mL) in 0.3 
M phosphate buffer (pH 6) with 1.4 mM NaCl at 60 ◦C for 24 h. After 
centrifugation at 4000g, the absorbance of the supernatant was 
measured under 498 nm and the maximum amount of adsorbed dye was 
calculated by subtraction of free dye in the supernatant from the initial 
dye. The dye adsorption capacity was estimated between the initial 
added dyes and the final free dyes in the supernatants using equation: 
Ae = (Ci – Ce) x V/(M x 1000). All measurements of cellulose DP and CR 
values were conducted in independent triplicates. 

2.7. Fourier transform infrared (FTIR) spectroscopy and scanning 
electron microscopy (SEM) observation 

FTIR spectroscopy was applied to scan rice biomass samples using 
Perkin-Elmer Ppectro-photometer (NEXUS 470, Thermo Fisher Scienti
fic, Waltham, MA, USA) as previously described [38,48]. The biomass 
morphology was observed under SEM (SEM JSM-IT300, Akishima, 
Tokyo, Japan) as described [49]. Well-mixed biomass samples were 
sputter-coated with gold in a JFC-1600 ion sputter (Mito City, Japan) 
and visualized for 5–8 times to acquire representative images. 

2.8. Biomass pretreatment and enzymatic hydrolysis 

For alkali pretreatments, biomass samples were treated with NaOH 
(0.25 %, 1 %, w/v) at 50 ◦C for 2 h under 150 rpm shaken as previously 
described [41]. After centrifugation at 3000 g for 5 min, the pellets were 
washed with 10 mL distilled water until pH 7.0, and then incubated with 
the final concentration of 1.6 g/L mixed-enzymes (cellulases: 10.6 FPU/ 
g biomass; xylanases: 6.72 U/g biomass purchased from Imperial Jade 
Biotechnology Co., Ltd), while co-supplied with 1 % Tween-80 as 
described [48]. The hexoses yield was estimated according to the 
following equation: Hexoses yield (%) = hexoses released (g) x 100/ 
cellulose content (g), whereas the total sugars yield was based on the 
equation: Total sugars yield (%) = total hexoses and pentoses released 
(g) x 100/dry matter content (g). All experiments were accomplished 
under independent triplicate. 

2.9. Detection of cd levels in rice seedlings 

The dry seedings and phosphate-extracted solution were respectively 
added into the porcelain crucible and transferred to the muffle furnace 
for determining total Cd and soluble Cd levels. The temperature of 
muffle furnace was gradually raised to 200 ◦C for 30 min, and fixed at 
600 ◦C for 6–8 h. The ashes were dissolved with 1.0 % HNO3 (v/v), 

washed with 1.0 % HNO3 for 3 times, and all solutions were collected 
into a 25 mL volumetric flask. An atomic absorption spectrometer 
(Agilent 240Z GFAA) was applied to detect Cd content as previously 
described [15]. All samples were measured under independent 
triplicate. 

2.10. Statistical analysis 

Superior Performance Software Systems (SPSS version 17.0, Inc., 
Chicago, IL) was applied for statistical calculation. Correlation co
efficients were completed by Spearman’s rank for all measured param
eters. Pair-wise comparisons were based on Student’s t-test as described. 

3. Results and discussion 

3.1. Site mutations of OsPME31, OsPME34 and OsPME79 involved in 
pectin methylation 

As PME enzymes involve in catalysis of galacturonic acid methyl
ation in pectic polysaccharides [4,13], this study applied classic 
CRISPR/Cas9 gene-editing system with rice WT to perform site muta
tions of OsPME31, OsPME34 and OsPME79, which are three represen
tative genes of rice OsPMEs family (Fig. 1 A). Using our previously- 
established approach [38,50], this study identified three homozygous 
mutants termed as Ospme31, Ospme34 and Ospme79 (Fig. 1 B). As a 
comparison with WT, the Ospme31 and Ospme34 mutants showed a 
single amino acid alteration, whereas the Ospme79 mutant was of single 
amino acid deletion (Fig. 1 C). Meanwhile, three mutants were checked 
without the occurrence of the off-target mutations, suggesting that all 
mutants were of genetic stability. Although three mutants showed 
significantly reduced plant heights by 6 %–15 % at p < 0.01 levels (n =
3), they all had much raised tillers numbers by 22 %–41 % compared to 
the WT, leading to similar dry biomass yields examined between the 
Ospme31 and Ospme34 mutants and WT in the field experiment 
(Table S1). Exceptionally, the Ospme79 mutant had significantly higher 
dry biomass weight than that of the WT by 20 % at p < 0.05 level (n = 3). 
Hence, site mutations of OsPMEs genes should be applicable to select the 
desirable mutants for function analysis of OsPMEs enzymes involved in 
pectin methylation in plant cell walls. However, it remains to test the dry 
weights of mature straws and seed yields of three mutants on large scale 
in the future. 

3.2. Reduced pectin level and altered lignocellulose composition in young 
seedlings of three Ospmes mutants 

Because pectic polysaccharides are rich at primary cell walls in 
higher plants [51,52], this study performed hydroponic culture to 
collect young seedlings of three rice Ospmes mutants and WT (Fig. 2 A). 
As a difference from mature rice straws, the young seedlings of three 
mutants showed their plant heights similar to the WT. However, despite 
of a normal plant growth in the young seedlings, three mutants were 
examined with significantly reduced pectin levels by 12 %–23 % at p <
0.05 and 0.01 levels (n = 3), compared to the WT (Fig. 2 B). Meanwhile, 
significantly reduced cellulose contents were detected by 20 %–23 % in 
three mutants, but their hemicelluloses levels were much raised by 22 
%–60 %, compared to the WT. As primary cell walls make up relatively 
high biomass proportions at young seedlings [15,30], such enhanced 
hemicellulose deposition should compensate for inhibited pectin and 
cellulose biosynthesis to maintain plant cell wall integrity and normal 
plant growth as observed above, which may also explain why similar dry 
biomass yields were estimated in mature rice straws of three mutants 
and WT. 

Y. Wang et al.                                                                                                                                                                                                                                   
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3.3. Significantly upgraded pectin methylation degree in seedlings of three 
mutants 

With respect to their pectin levels reduced in young rice seedlings, 
this study detected significantly lower uronic acids contents in three 
mutants than those of the WT by 14 %–32 % at p < 0.01 levels (Table 1). 
By performing typical pectin methylation assay in vitro [30,53], this 
work determined significantly raised methanol levels by 7 %–21 % in 
young seedlings of three mutants, which estimated pectin methylation 
degrees upgraded by 29 %–73 % in three mutants relative to the WT. To 
confirm pectin methylation degrees upgraded in three mutants as 
examined in vitro, we attempted to in situ observe immunofluorescent 

distribution by using the LM20 and LM19 antibodies that are specifically 
against high- and low-methylated HGs in plant cell walls of stem tissues 
(Fig. 3 A). Based on semi-quantitation of immunofluorescent images, 
this study calculated either much raised immunofluorescent intensity for 
highly-methylated HGs by 27 %–44 % or significantly reduced intensity 
for lowly-methylated HGs by 16 %–37 % in three mutants, compared to 
the WT (Fig. 3 B). Therefore, the data indicated that the site mutations of 
three OsPMEs could consistently raise the methylation degrees of HGs in 
plant cell walls of three rice mutants. On the other hands, this study has 
thus provided dual evidences in vitro and in situ to confirm that the three 
OsPMEs are of enzymatic activities for catalysis of pectin de-methylation 
in plants [4,14]. 

Fig. 1. Characterization of rice OsPMEs family and three Ospme mutants generated by CRISPR/Cas9 editing. (A) Phylogenic tree of OsPMEs genes; (B) Images of 
mature plants of three Ospmes mutants and wild type/WT (NPB), scale bar as 20 cm; (C) Mutation sites of three Ospmes mutants by CRISPR/Cas9 editing. Cd 
accumulation with lignocellulose tissues of rice mutant (Osfc16) and WT (NPB). 

Fig. 2. Cell wall composition of young seedlings in rice mutants and WT from hydroponic culture. (A) Images of 30-day-old seedlings, scale bar as 5 cm; (B) Wall 
polymer levels; * And ** as significant difference by t-test between the mutant and WT at p < 0.05 and 0.01 levels (n = 3), respectively; # The percentage value 
calculated by subtraction between mutant and WT divided by WT. 
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3.4. Distinctively elevated biomass porosity in seedlings of three mutants 

Although pectin methylation is considered to regulate loosening and 
stiffening of plant cell walls [54], little is known about its impact on 
biomass porosity. In this study, we examined biomass porosity in three 
mutants and WT by performing characteristic BET analysis of N2 
adsorption/desorption [55]. In terms of the raw materials of young 
seedlings, the Ospme31 and Ospme79 mutants exhibited consistently 
increased pore volumes than those of the WT among pore diameter 
distributions ranged from 2 nm to 45 nm, whereas the Ospme34 mutant 
showed larger volumes only for 2–10 nm pores (Fig. 4 A). Even though 
pectin removal could increase pore volumes in all samples examined, the 
Ospme34 and Ospme79 mutants remained larger pore volumes than 
those of the WT from 2 nm to 45 nm pore distributions, and the Ospme31 

mutant was of raised volumes only from 2 nm to 10 nm pores (Fig. 4 B). 
Meanwhile, all three mutants, compared to the WT, exhibited much 
more raised volumes from 2 nm to 10 nm pores, but distributions of the 
raised pore volumes were varied among three mutants examined. 

Furthermore, this study estimated three major parameters account
able for average values of BET surface area, pore volume and pore size 
(Table 2). As a result, the Ospme79 mutant showed mostly increased 
surface areas and pore volumes than those of the WT by 46 %–81 % in 
both raw materials and pectin-extracted (de-pectin) lignocellulose 
samples, whereas the Ospme31 mutant had the surface areas and pore 
volumes raised by 12 %–33 %. By further comparison, the Ospme34 
mutant was of slightly raised surface areas and pore volumes by 1 %–12 
%. Notably, all three mutants appeared to have much reduced pore sizes 
than those of the WT by 17 %–45 %, which suggested that the biomass 
porosity increased in three mutants should be due to much more 
nanopores occurrence in plant cell walls. 

3.5. Consistently enhanced biomass enzymatic saccharification in 
seedlings and mature straws 

Since biomass porosity is accountable for biomass enzymatic 
saccharification examined in diverse bioenergy crops [19,32,49,56], 
this study determined both hexoses (% cellulose) and total sugars 
(hexoses and pentoses) yields released from enzymatic hydrolyses of 
alkali-pretreated young seedlings in three mutants and WT (Fig. 5). By 
performing NaOH pretreatments at low concentrations (0.25 %, 1 %), 
we examined significantly enhanced hexoses yields (% cellulose) by 22 
%–53 % at p < 0. 01 levels (n = 3) in three rice mutants, compared to the 
WT (Fig. 5 A). In particular, the Ospme34 mutant could achieve a near- 
complete biomass enzymatic saccharification with hexoses yield of 97 % 

Table 1 
Pectin methylation degrees of young seedlings among three Ospme mutants and 
WT.  

Sample Uronic acids (mg/ 
ml) 

Methanol (mg/ 
ml) 

Degree of methylation 
(%) 

WT 1.11 ± 0.04 0.29 ± 0.00 25.69 ± 0.35 

Ospme31 0.86 ± 0.04 ** 
(-23 %)# 

0.35 ± 0.01**  
( + 21 %) 

41.23 ± 1.10**  
( + 60 %) 

Ospme34 
0.76 ± 0.01**  
(-32 %) 

0.34 ± 0.01*  
( + 17 %) 

44.40 ± 1.85**  
( + 73 %) 

Ospme79 
0.96 ± 0.04 **  
(-14 %) 

0.31 ± 0.01*  
( + 7 %) 

33.05 ± 0.49** 
( + 29 %) 

* And ** as significant difference by t-test between the mutant and WT at p <
0.05 and 0.01 levels (n = 3), respectively. 

# The percentage value calculated by subtraction between mutant and WT 
divided by WT. 

Fig. 3. Immunofluorescent labeling of pectin (HG) epitopes in transverse stem sections (80 nm thick) of young seedlings in rice mutants and WT. (A) Representative 
immunofluorescent images recognized by either LM20 and LM19 antibodies against for high- and low-methylated HGs or S4B dye specific for cellulose staining; (B) 
Semi-quantitation of histological staining and immunofluorescent images by using ImageJ; * And ** as significant difference by t-test between the mutant and WT at 
p < 0.05 and 0.01 levels (n = 3), respectively; # The percentage value calculated by subtraction between mutant and WT divided by WT; ep (epidermis), cp: cortical 
parenchyma, vb (vascular bundle), Xy (xylem), ph (phloem), gc (guard cells). 
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(% cellulose) under 1 % NaOH pretreatment. Meanwhile, despite of 
reduced cellulose levels, three mutants remained to achieve significantly 
higher total sugars (hexoses and pentoses) yields (% dry matter) than 
those of the WT at p < 0.05 levels (Fig. 5 B), which should be due to 
efficient cellulose digestion and relatively raised hemicellulose levels in 
three mutants. Furthermore, although the mature rice straws contain 
small amounts of primary cell walls [57], this study determined even 
enhanced biomass enzymatic saccharification in three rice mutants. 
Compared to the WT, three mutants produced the hexoses and total 
sugars yields raised by 29 %–63 % under 1 % NaOH pretreatment with 
mature straws (Fig. 5 C & D), which may be due to the efficient digestion 
of primary cell walls enabled to consequently facilitate enzymatic 
saccharification of secondary cell walls in mature rice straws. The results 
have therefore indicated that biomass enzymatic saccharification could 
be consistently enhanced in both young seedlings and mature straws of 
three rice mutants. 

3.6. Largely increased Cd accumulation in seedlings of three mutants 

By means of our recently-established hydroponic culture [15], this 
study supplied Cd (200 umol/L) with rice seedlings for 15 days, and then 
determined Cd accumulation in three mutants and WT (Fig. 6). As a 
comparison, three rice mutants contained significantly higher Cd levels 
than those of the WT at p < 0.01 levels (n = 3) (Table 3). In particular, 
the Ospme34 mutant was of the most raised Cd accumulation up to 2.4 
fold, compared to the WT. Notably, this study examined much more 
insoluble Cd accumulation in three mutants than that of the WT by 1–3.5 

folds, suggesting that three mutants should mainly accumulate Cd in 
their plant cell walls. As pectin could play a major role for much Cd 
accumulation with lignocelluloses by chemical interaction with uronic 
acids as previously reported [15,20,30], it assumed that three rice mu
tants should involve in a novel mode for Cd accumulation, based on their 
reduced pectin levels and raised methylation degrees examined above. 
On the other hands, such more Cd accumulation in three mutants may be 
due to their raised hemicellulose levels and enlarged nanopore volumes 
[2,23]. 

3.7. Specifically reduced lignocellulose recalcitrance in three mutants 

To understand biomass enzymatic saccharification enhanced in 
seedlings of three rice mutants, this study further determined two major 
cellulose features (CrI and DP), which are accountable for lignocellulose 
recalcitrance [32,55,58]. As a result, three rice mutants showed signif
icantly reduced cellulose CrI and DP values than those of the WT at p <
0.05 and 0.01 levels in their seedlings tissues (Fig. 7 A & B). In partic
ular, cellulose DP values were much decreased in three mutants by 21 
%-34, probably due to inhibited cellulose biosynthesis for less cellulose 
levels examined above. By further performing Congo red staining with 
lignocellulose substrates after 1 % NaOH pretreatments, we detected 
significantly increased cellulose accessibility in three rice mutants by 21 
%–26 %, compared to the WT (Fig. 7 C), which has been defined as the 
parameter directly accounting for biomass enzymatic saccharification 
[58]. Under fourier transform infrared spectroscopy, we meanwhile 
observed at least five altered peaks located at 829 cm− 1 (C–H), 898 

Fig. 4. Biomass porosity of young seedlings in rice mutants and WT from BET analyses. (A) Raw materials; (B) Lignocellulose substrates after pectin extraction of 
young seedlings with 0.5 % ammonium oxalate. 

Table 2 
Biomass porosity of young seedlings by BET analysis in rice mutants and WT.  

Sample BET surface area (m2/g) Pore volume (mm3/g) Pore size (m2/g) 

Raw  
material 

De-pectin  
lignocellulose 

Raw  
material 

De-pectin  
lignocellulose 

Raw  
material 

De-pectin  
lignocellulose 

WT 1.47 1.61 2.27 2.34 20.10 23.84 

Ospme31 
1.64  
(+12 %)# 

1.96 
(+22 %) 

2.91 
(+28 %) 

3.12 
(+33 %) 

16.70  
(− 17 %) 

14.48  
(− 39 %) 

Ospme34 1.50 
(+2 %) 

1.63 
(+1 %) 

2.29 
(+1 %) 

2.61 
(+12 %) 

15.18  
(− 24 %) 

13.18  
(− 45 %) 

Ospme79 
2.37  
(+61 %) 

2.35 
(+46 %) 

4.10 
(+81 %) 

4.03 
(+72 %) 

14.81 
(− 26 %) 

13.08 
(− 45 %) 

Data were derived from BET analyses as shown in Fig. 4; # The percentage value calculated by subtraction between mutant and WT divided by WT. 
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cm− 1 (C-O-C), 1241 cm− 1 (C-O-C), 1373 cm− 1 (C–H), 1509 cm− 1 (C=C) 
in the 1 % NaOH-pretreated residues of three mutants (Fig. 8 A), which 
should be accounting for partial wall polymer extraction and cellulose 
feature alteration from 1 % NaOH pretreatments. By comparison, the 
WT only displayed four peaks altered, suggesting its less wall polymer 
extraction for less cellulose accessibility examined above. Furthermore, 
we applied scanning electron microscopy (SEM) to observe the surfaces 
of biomass residues remained from enzymatic hydrolyses of 1 % NaOH 
pretreated seedlings in the representative Ospme34 mutant and WT 
(Fig. 8 B). Notably, the Ospme34 mutant exhibited grain-like residues, 
which should be accountable for near-complete cellulose hydrolysis in 
the mutant as described above. By contrast, the WT remained partial un- 
digestible cellulose microfibrils, consistent with its less biomass enzy
matic saccharification examined. 

3.8. A hypothetic model about pectin methylation roles in biomass 
saccharification and Cd accumulation 

Based on all data obtained in this study and major findings as pre
viously reported, this study proposed a hypothetic model to explain why 
three rice Ospme mutants were of consistently enhanced biomass 
saccharification and Cd accumulation (Fig. 9). As pectic polysaccharides 
are interacted with hemicelluloses via chemical linkages of uronic acids 
[7,11,15,18], this study has thus demonstrated that raised methylation 
degrees of uronic acids should cause a partial disassociation between 

pectin and other wall polysaccharides in primary cell walls of three rice 
mutants, leading to relatively increased hemicellulose deposition. 
Meanwhile, it is assumed that more hemicellulose deposition may 
inhibit cellulose synthesis for less cellulose levels examined in three 
mutants, but it remains interesting to sort out its regulation mechanism 
in the future. However, it is understandable that much reduced cellulose 
CrI and DP values should be mainly due to inhibited cellulose biosyn
thesis and raised hemicellulose in three mutants [23,58]. Because it has 
been characterized that reduced cellulose DP is accounting for more 
reducing ends of cellulose microfibrils, this study has examined signif
icantly elevated cellulose accessibility and biomass porosity in three rice 
mutants [2,55,59]. In addition, hemicellulose disassociation should be 
another factor for much raised biomass porosity in the mutants. 
Therefore, this hypothetic model has concluded two major causes 
accountable for remarkably enhanced biomass enzymatic saccharifica
tion in three mutants. Since hemicelluloses are partially substituted by 
uronic acids [20], the model has also indicated two major factors for 
increased Cd accumulation in the mutants, suggesting a novel mecha
nism for Cd phytoremediation by upgrading pectin methylation in 
plants. 

To simply understand the hypothetic model that highlights the 
advantage of this study, we further presented the dynamic alterations of 
cell walls structures accountable for the major findings achieved in three 
mutants, thereby indicating its potential applications for multiple fields 
(Fig. 10). On the other hands, this structure model hints for the 

Fig. 5. Biomass enzymatic saccharification of rice mutants and WT upon NaOH pretreatments. (A, B) Hexoses and total sugars (hexoses + pentoses) yields released 
from enzymatic hydrolyses after 0.25 % and 1 % NaOH pretreatments with young seedlings; (C, D) Hexoses and total sugars yields released from enzymatic hy
drolyses after 1 % NaOH pretreatments with mature rice straws; * And ** as significant difference by t-test between the mutant and WT at p < 0.05 and 0.01 levels (n 
= 3), respectively; # The percentage value calculated by subtraction between mutant and WT divided by WT. 
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limitation of this study such as in-depth wall polymer interactions. 
However, as advanced solid-state NMR technology has recently been 
applied to observe pectin dynamic regulation and interaction for pri
mary cell wall formation [60–64], this study could provide excellent 
biological samples to explore the specific role of pectin methylation in 

wall network construction in plants. 

4. Conclusion 

By performing typical CRISPR/Cas9 editing for OsPME31, OsPME34 
and OsPME79 genes in rice cultivar, this study selected three distinct 
site-mutants that showed plant growth and biomass yields similar to the 
WT. However, significantly upgraded pectin methylation degrees were 
observed in plant cell walls in situ, and also determined in vitro in young 
seedlings of three mutants, leading to much improved lignocellulose 
recalcitrance such as either reduced cellulose level and feature (CrI and 
DP values) or raised cellulose accessibility, hemicellulose deposition and 
biomass porosity. These caused an integrative enhancement for biomass 
enzymatic saccharification and Cd accumulation in three mutants 
(Fig. 10). Therefore, this study has not only demonstrated pectin methyl- 
esterases catalysis for pectin methylation and plant cell wall network 
remodeling, but it has also provided a novel strategy for precise pectin 
modification to enhance biomass enzymatic saccharification and Cd 
phytoremediation in rice and beyond. 

Fig. 6. Images of 30-day-old seedlings in three Ospme mutants and WT from hydroponic culture co-supplied with 200 μmol/L cadium. Scale bar as 5 cm.  

Table 3 
Cd accumulation in young seedlings of Ospme mutants and WT from hydroponic 
culture  

Sample Insoluble Cd (mg/g) Total Cd (mg/g) 

WT 0.13 ± 0.00 0.28 ± 0.00 

Ospme31 
0.26 ± 0.00** 
(+100%)# 

0.35 ± 0.01** 
(+25%) 

Ospme34 
0.58 ± 0.04** 
(+346%) 

0.95 ± 0.03** 
(+239%) 

Ospme79 0.42 ± 0.01** 
(+223%) 

0.55 ± 0.01** 
(+96%) 

** As significant difference by t-test between the mutant and WT at p < 0.01 
levels (n = 3); # The percentage value calculated by subtraction between mutant 
and WT divided by WT. 

Fig. 7. Cellulose features of young seedlings in rice mutants and WT. (A, B) Cellulose crystalline index (CrI) and degree of polymerization (DP) of raw biomass; (C) 
Cellulose accessibility of 1 % NaOH-pretreated lignocellulose residues by Congo red staining; ** As significant difference by t-test between the mutant and WT at p <
0.01 levels (n = 3), respectively; # The percentage value calculated by subtraction between mutant and WT divided by WT. (For interpretation of the references to 
colour in this figure legend, the reader is referred to the web version of this article.) 
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