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SUMMARY

Cell wall expansion is a key element in determining plant morphology and growth, and cell wall integrity
changes are relayed to the cell to fine-tune growth responses. Here, we show that variations in the ectodomain
of a cell wall-associated receptor-like kinase, WAK10, in temperate Oryza japonica accessions differentially
amplify fluctuations in cell wall integrity to control rice stem height. Mutation in the WAK10 gene exhibited
increased cell wall thickening in stem sclerenchyma and reduced cell expansion in the stem. Two WAK10
ectodomain variants bound pectic oligosaccharides with different affinities. The pectic oligosaccharide bind-
ing regulated WAK10 phosphorylation activity, the amplitude of secondary wall deposition, and ultimately,
stem height. Rice population analyses revealed active enrichment of the short-stem WAK70 ectodomain
alleles in japonica subspecies during domestication. Our study outlines not only a mechanism for how
variations in ligand affinities of a receptor kinase control cell wall biosynthesis and plant growth, but it also

provides breeding targets for new semi-dwarf rice cultivars.

INTRODUCTION

Plant cell walls largely comprise polysaccharides, including
cellulose and pectin, that combine to provide mechanical strength,
flexibility, and wall permeability.’ Cell walls are divided into thinner,
flexible primary walls that allow for cell expansion and thicker,
strong secondary walls that are deposited around some plant cells
at maturity to provide extra support for plant stature.” The state of
the cell wall is monitored through ligand-mediated and mechano-
perception mechanisms to provide feedback for cellular pro-
cesses, growth, and development.3

Three main classes of receptor-like kinases (RLKs) are associ-
ated with plant cell wall integrity signaling: Catharanthus roseus
(Cr) RLKs such as THESEUS1 (THE1), FERONIA (FER), HERCU
LES1/2, ANXUR (ANX)1/2, and BUDDHA'S PAPER SEAL
(BUPS)1/2; leucine-rich receptor-like kinases FEI1/2 and MIK2*;
and wall-associated kinases (WAKSs). CrRLKs perceive peptide
ligands, e.g., RAPID ALKALINIZATION FACTORs (RALFs), but
also contain carbohydrate-binding domains. FER is a well-char-
acterized CrRLK involved in a myriad of downstream
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processes.>® In the context of cell wall integrity, FER can asso-
ciate with cell wall-anchored leucine-rich repeat extensins
(LRXs) and bind pectin,”® which in turn controls turgor, the pH
of the cell wall, and calcium fluxes across the plasma mem-
brane.?'? The WAKs are less well investigated but consist of an
ectodomain that can bind to pectin and that responds to short
pectic oligosaccharides'® to affect, for example, turgor-driven
cell expansion in the case of Arabidopsis WAK1 and WAK2.'*1°
Nevertheless, little is known about how changes in the extracel-
lular domains of any of these RLKs amplify cell wall signals to
regulate developmental processes. Here, we describe how varia-
tions in the ectodomain of a WAK, WAK10, change its affinity to
short pectic oligosaccharides and how this change controls the
amplitude of secondary wall synthesis and plant height in rice.

RESULTS

WAK10 determines plant height in japonica varieties
To identify new quantitative trait loci (QTLs) that underlie
rice stem height variation, we performed genome-wide
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Figure 1. GWAS identified a novel QTL asso-
ciated with plant height in 164 temperate
rice varieties

& (A) Manhattan plots for plant heightin 2015 (upper) and
S 2016 (lower). The gray dotted line indicates the
5 genome-wide significance threshold (p = 7.3 x 107°).
Arrows indicate the region of interest (ROI) and a
known plant height QTL containing Narrow leaf1
(NAL1).
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association studies (GWAS) on 164 temperate Oryza japonica
accessions with a homogeneous population structure (Data
S1A). Plant height was measured after grain maturity in 2
consecutive years; heights ranged from 67 to 175 cm in 2015
and from 59 to 172 cm in 2016, indicating a large phenotypic
variation across the population (Data S1B). Using a linear mixed
model for GWAS, we identified several stable QTLs (Figure 1A),
including a previously reported QTL for plant height, NAL7 (Nar-
row leaf1),'® which corroborated our GWAS resullts.

An unknown QTL was located on chromosome 1 (Figure 1A).
The candidate genomic region spanned 28.45-28.56 Mb based
on linkage disequilibrium (LD) block analysis around the leading
single-nucleotide polymorphism (SNP) (p = 1.95 x 10~ '2in 2015
and p = 3.39 x 107'° in 2016; Figure 1B). This LD block
contained 15 annotated genes (Table S1), of which the genes en-
coding a retrotransposon and a reticulon domain-containing
protein lacked public expression data (RiceXPro microarray
data). Analyses on rice organs/tissue expression profiles with
published microarray data revealed only LOC_Os01g49529 as
highly expressed in stems (Figure 1C). LOC_Os01g49529 en-
codes a WAK10 protein; WAK family proteins are associated
with cell expansion and stem strength,'” key traits for stem
height.

To test if defects in WAK10 impact stem height, we ordered
T-DNA mutants (cv. Dongjing) and generated CRISPR-Cas9
knockout mutants (cv. 9522) of WAK10 (Figures S1A-S1C). The
wak10 plants (both T-DNA and CRISPR mutants) were over
20% shorter than their corresponding wild-type plants during
growth and at maturity (Figures 2A, 2B, and S3). Among the anno-
tated four alternatively spliced isoforms of the WAK70 gene, only
WAK10.1 encodes a typical WAK family protein with an N-terminal
cell wall-associated ectodomain, a transmembrane domain, and a
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(B) Local Manhattan plot (top) and linkage disequilib-
rium (LD) heatmap (bottom) surrounding the ROl locus
on chromosome 1. Red dashed lines bound the QTL
candidate region.

(C) Heatmap of spatiotemporal expression of the 13
genes in the ROI from microarray data (RiceXPro:
https://ricexpro.dna.affrc.go.jp/). Z score, normal-
ized expression. The heavy black box indicates the
high expression level of LOC_Os01g49529 in
rice stem.

See also Table S1 and Data S1.
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C-terminal cytosolic kinase domain (Fig-
ure S1D)."” We found that only WAK70.1
and WAK10.4 were expressed strongly in
the stem. Of these, only the WAK10.1 pro-
tein, a monocot-specific WAK (Figure S1E),
is affected by the T-DNA and CRISPR-Cas9
mutants (Figures 2D, S1F, and S1G), which we hereafter refer to
as WAK10.
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WAK10 controls plant height by suppressing secondary
wall cellulose synthesis

Stems of wak10 mutant plants exhibited reduced length of all in-
ternodes, implying a general role for WAK70 in stem elongation
(Figures 2C and 2D). Detailed morphological analyses revealed
that wak70 mutants displayed a decreased cell length:width ratio
and produced thickened cell walls in the stem sclerenchyma
(Figures 2E-2G) containing ~50% more cellulose than wild
type (Figure 2H). However, wak10 mutants showed no obvious
difference in lignin content (Figure STH). Consistent with these
findings, expression of secondary wall cellulose biosynthesis
genes CESA4, 7, and 9 were upregulated in the wak70 mutant
stems (internode 2; Figure S1l). The reduction in internode length
in the wak70 mutants thus appears to be a consequence of
increased cell wall thickness and decreased cell expansion.

Sequence variations in the ectodomain of WAK10
control plant height

Pearson correlation coefficient analyses indicated that plant
height does not correlate with WAK10 expression in our GWAS
accessions (Figure S2A), suggesting that plant height may be
affected by genetic polymorphisms in the WAK70 coding
sequence rather than through expression differences. Clustering
analysis using SNPs in the WAK10 coding sequence classified all
accessions into 12 clusters (Figure 2I; Data S2). Two common
WAK?10 protein sequences in clusters 1 and 2 that accounted
for 153/164 accessions correlated with variations in plant height
(Figure 2J); the variant in cluster 1 was designated as WAK10°
(short accessions) and that in cluster 2 as WAK10' (tall
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Figure 2. WAK10 controls plant height

(A and B) Plant heights of 5-month wak70-T T-DNA, wak10 (created with CRISPR-Cas9), and their wild-type counterpart lines. Scale bars, 20 cm (A). In (B),
**p < 0.01, two-way ANOVA test, n > 10.

(C and D) Images of internodes of wild-type (cv. 9522) and wak10 stems. Scale bars, 20 cm (C). In (D), mean values, n = 10.

(E) Length to width ratio of cells in longitudinal cv. 9522 or wak10 stem sections from internode 2 (n > 50). **p < 0.01, Student’s t test.

(F and G) Thickness of sclerenchyma cell walls in internode 2 of cv. 9522 and wak10 stems observed with SEM. Scale bars, 1 um (F). In (G), **p < 0.01, unpaired
two-samples t test, n = 50.

(H) Cellulose content of internode 2 in cv. 9522 and wak10 stems. Mean + SD, n > 3. *p < 0.01, two-way ANOVA. EiDW, ethanol-insoluble dry weight.

(I) Neighbor-joining tree of WAK10 coding sequence clusters in 164 japonica lines (numbers of accessions in brackets). The tall allele (WAK70") comes from
cluster 2 (blue), while the short allele (WAK70%) comes from cluster 1 (red).

(J) Height of plants in clusters 1 and 2 in 2015 (n = 5). ***p < 0.001, two-tailed Mann-Whitney U test.

(K) Height of cv. 9522 and transgenic plants overexpressing (OE) WAK105-GFP or WAK10™-GFP (n = 10). **p < 0.01, unpaired two-samples t test.

(L.and M) Wall thickness of sclerenchyma cells in internode 2 in cv. 9522, WAK10°, and WAK 10" overexpression lines observed with SEM. Scale bars, 1 um (M). In
(N), **p < 0.01, unpaired two-samples t test, n = 50.

(N and O) Overlap of differentially expressed genes (DEG) due to WAK70 mutations (N) and their GO analysis.

Boxplotsin (E), (G), (J), and (M) show median and interquartile range, with whiskers extending to maxima and minima. Columns in (B) and (H) show mean + SD, and
dots give actual values.

See also Figures S1 and S2, Table S2, and Data S2, S3, and S4.

accessions). Notably, while both the transmembrane and the
kinase domains (397 aa) of WAK10° and WAK10" were identical,
their N-terminal ectodomains (~300 aa) were only 74%
identical, containing large numbers of discontinuous variations
(Figure S2B).

To validate the contribution of WAK10° and WAK10" proteins
to variations in plant height, we overexpressed GFP-tagged
WAK10® and WAK10", respectively, in rice cultivar 9522
harboring a WAK10° genotype. Plants overexpressing WAK10%
showed the same height as wild-type plants (cv. 9522) but
were much shorter than plants overexpressing WAK10T
(Figure 2K). In addition, stem cell walls were thinner in the
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WAKA1 OT-overexpressing plants (Figures 2L and 2M). These re-
sults indicate that sequence variations in the ectodomain of
WAK10 affect stem cell wall thickness and plant height. To inves-
tigate the molecular processes regulated by WAK10, we per-
formed global transcriptional comparisons among wild type,
wak10 mutant, and plants overexpressing WAK70° and
WAK10" (Data S3). By Venn diagram analysis, we identified
375 overlapping differentially expressed genes (Figure 2N).
GO analysis suggested that genes involved in carbohydrate
biosynthesis, polysaccharide metabolic process, and cell wall
organization are enriched among those genes (Figure 20),
corroborating that WAK170 affects cell wall biosynthesis.
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Figure 3. WAK10" is a more sensitive receptor-like kinase than WAK10°S

(A) Subcellular localization of WAK10S-GFP in Nicotiana benthamiana. P, propidium iodide staining of cell wall; BF, bright field. Images are max projections from z
stacks taken before (upper panel) and after plasmolysis (lower panel). Scale bars, 20 um. The blue arrows indicate the position of cell wall, while the yellow arrows
indicate the position of the shrinking plasma membrane.

(B) In vitro kinase assay of WAK10® and WAK10". WAK10CD, cytosolic domain of WAK10; MBP, myelin basic protein.

(C) Extraction of WAK10S and WAK10" from plants. Protein in the supernatant is considered released from the cell wall.

(D) Binding of WAK105-GST and WAK10'-GST to polygalacturonic acid (PGA). WAK10S-GFP and WAK10"-GFP are prepared from transient expression and
immunoprecipitated from N. benthamiana. eWAK10'-GST is prepared from E. coli. Black arrowheads indicate WAK10S-GFP or WAK10"-GFP (~105 kDa); white
arrowheads indicate eWAK10"-GST. Red asterisk (lower panel) indicates that eWAK10"-GST outcompetes WAK10S-GFP for binding to PGA at low PGA
concentrations (<0.1 mg/mL, lower panel). Gel is representative of three replicate experiments.

(E) Domain swap method used to detect WAK10S and WAK10" sensitivity to short pectin fragment. e, ectodomain; ¢, cytosolic domain; BRI1, BRASSINOS
TEROID INSENSITIVE1; GFP, green fluorescent protein; PM, plasma membrane.

(F-I) Autophosphorylation of chimeric proteins by BRI1 kinase (F and G) or full-length WAK10 proteins (H and |) after activation of eWAK10 domain by pectinase
treatment. Gels (F and H) show representative results from three replicate experiments (G and I). Protein levels (input) detected by a-GFP antibody; phos-
phorylation levels (phos) detected by a-phosphoserine/phosphothreonine (a-pST) antibody. WAK10 sensitivity was indicated by pectinase that caused elevated
phosphorylation band intensity (relative fold change) relative to the corresponding total protein band. **p < 0.01, two-way ANOVA test.

See also Figure S8, Table S2, and Data S4.

WAK10T binds pectic ligands more strongly than

cell wall in the presence of both a strong reductant (dithiothreitol,
WAK10°

DTT) and a strong detergent (sodium dodecyl! sulphate, SDS;

Both WAK10T and WAK10® localized to the plasma membrane,
indicating that ectodomain variations did not affect protein local-
ization (Figure 3A). The cytosolic domain, identical in both
WAK10% and WAK10", could phosphorylate the general sub-
strate myelin basic protein (MBP) in vitro (Figure 3B), demon-
strating that both WAK10® and WAK10" are canonical WAK
family proteins. Unlike other membrane-localized RLKs, the
ectodomains of WAK family proteins associate tightly with the
plant cell wall, hindering protein extraction from plant tissue.'®
Both WAK10® and WAK10" could only be extracted from the

Figure 3C), indicating that both WAK10° and WAK10" variants
tightly associate with the cell wall despite relatively large
sequence variations in their ectodomains.

In the cell wall, the major pectic component, polygalacturonic
acid (PGA), forms “egg-box-like” coordination complexes with
calcium cations.'® The WAK_GUB (InterPro: IPR02587) and WA-
K_assoc_C (InterPro: IPR032872) motifs in WAK family proteins
are also thought to bind calcium.'” We speculated that WAK pro-
teins may bind to PGA through calcium cations, and that varia-
tions between WAK10% and WAK10" ectodomain sequences

Current Biology 33, 498-506, February 6, 2023 501
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could affect PGA binding affinity. Using a PGA competition bind-
ing assay,”® we demonstrated that recombinant protein
eWAK10"-GST (ectodomain of WAK10" fused with GST-tag)
could more effectively outcompete WAK10S-GFP for binding to
PGA than WAK10"-GFP at low concentrations (<0.1 mg/mL) in
calcium ion-containing buffers (Figure 3D), indicating a higher
affinity of WAK10T to pectic fragments.

WAK10T amplifies pectin-derived signals more strongly
than WAK10°

WAK proteins are preferentially activated by short pectic frag-
ments (degree of polymerization 9-15), although it binds to
both short and long pectic oligosaccharides. To assess whether
the difference in PGA binding affinity has biological relevance,
we compared the sensitivity of WAK10® and WAK10' with
changes in pectin integrity through pectinase treatment that
can generate pectic fragments.?’?? As the WAK10-specific
phosphorylation substrate has not yet been identified, we gener-
ated chimeric proteins containing the ectodomain of WAK10S or
WAK10", the transmembrane, and the cytosolic kinase domains
of BRASSINOSTEROID INSENSITIVE1 (€WAK105-cBRI1 and
eWAK10"-cBRI1; Figure 3E). BRI1 is a brassinosteroid receptor
whose cytosolic kinase is autophosphorylated by brassinoste-
roid binding to its ectodomain; hence, the eWAK10-cBRI1
chimera may respond to a WAK10-specific ligand to trigger
BRI1 autophosphorylation.”® Chimeric constructs (cBRI1) were
introduced into tobacco plants, and autophosphorylation levels
were assessed in the presence or absence of pectinase.
Autophosphorylation of cBRI1 was observed for both chimeric
constructs. However, we observed that the level of autophos-
phorylation of eWAK10™-cBRI1 was significantly greater in the
presence of pectinase (Figures 3F and 3G). In addition, in the
presence of PGA-derived ligands, the full-length WAK10 pro-
teins also exhibited autophosphorylation, and again, the level
of autophosphorylation was stronger for WAK10' than for
WAK10°® (Figures 3H and 3I). Hence, WAK10" amplifies pectin-
derived signals more efficiently than WAK10%. We subsequently
compared effects of pectin-derived signals on CESA4/7/9
expression in protoplasts prepared from rice plants overex-
pressing WAK10° or WAK10. Corroborating previous finding
that WAK10 suppresses CESA4/7/9 expression, we found stron-
ger repression of these cellulose synthesis genes in protoplasts
isolated from WAK10™-overexpressed plants than in WAK710°-
overexpressed plants (Figure S2C).

The selection of shorter rice coincides with less potent
WAKH10 alleles

The WAK105-related alleles predominate in the temperate
japonica subgroup (Figure 4A), whereas WAK710'-like variants
have a higher occurrence in tropical and intermediate japonica
subgroups, indicating that multiple rounds of WAK70° and
WAK10" divergence and successive fixation of WAK70° in
temperate japonica may have occurred throughout domestica-
tion. Interestingly, the first exon of WAK70, which encodes the
complete ectodomain (Figure 4B), appears to have undergone
duplication and shuffling in neighboring genomic loci to form
chimeric kinases with related ectodomains (LOC_Os01g49580.1
and LOC_0Os01g49614.1, abbreviated as RLK580 and RLK614,
respectively, annotated as “protein kinase domain-encoding
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proteins”; Figure 4B; Table S1). This genomic shuffling may
have been mediated by retrotransposition, evidenced by the
presence of long terminal repeat (LTR) retrotransposon elements
flanking the WAK10 first exon (Figure S3A).>* This local duplica-
tion was also present in the undomesticated rice ancestor
O. rufipogon (Figure 4C), suggesting that the ancestral WAK10
ectodomain-encoding first exon duplicated before divergence
of the wild rice progenitor. The WAK10" ectodomain sequence
resembles more closely the shuffled sequences in RLK614 and
RLK580 than does WAK10S (Figures 4D and S3B), and charac-
teristic WAK70" sequences were observed in the corresponding
regions of O. rufipogon accessions with different geographic
origins (Thailand and India; Figure S3C).

These genetic and evolutionary data indicate that the WAK10°
allele originated from WAK710" via de novo mutation. Consistent
with this hypothesis, obvious genetic differentiation was
observed between temperate japonica and O. rufipogon at the
WAK10 locus: the population-differentiation statistic (FST) was
>0.40, indicating highly differentiated loci (Figure 4E)*°; and the
genetic diversity (1) of WAK70 sequences in temperate japonica
accessions was substantially lower than in O. rufipogon Or-ll|
(Figure 4E), indicating selection of a preferred phenotype
directed by this locus. The progressive and extensive fixation
of the WAK10° allele in japonica varieties therefore likely resulted
from natural and artificial selection for plants of shorter stature
(Figure 4F).

DISCUSSION

Here, we report that a cell wall-associated receptor-like kinase,
WAK10, and its variations modulate cell wall signals to control
the amplitude of secondary wall cellulose synthesis, which in
turn controls rice stem height (Figure 4). WAK family proteins are
generally considered cell wall sensors,”®?” which respond to
pectin degradation products.”*2° We hypothesize that pectic ol-
igosaccharides, or changes to the pectin structure, activate
WAK10, and perhaps other WAKSs, to induce secondary wall cel-
lulose synthesis, in agreement with recent studies showing that
pectic cell wall components trigger cellular signaling pathways
to affect cellulose deposition.*°? Recently, WAK11 was shown
to preferentially bind and sense methyl-esterified pectin.®® As
WAK10 is in a distinct clade from WAK11 within the WAK protein
family,®* it is not certain that WAK10 has the same ligand prefer-
ence. Considering that the WAK10 ectodomain is duplicated in
neighboring genomic loci that also encode kinases, this extracel-
lular domain may have other, more widespread, functions in
recognizing and signaling changes through the pectin framework.

During cell differentiation processes, such as the transition
from primary to secondary cell wall synthesis, the WAK10 ecto-
domain variants transmit modification of pectin-derived signals
differently to control the amplitude of secondary wall cellulose
deposition (Figure 4). Such amplitude changes would likely
impact the temporal progression of secondary wall synthesis,
which in turn would dictate the ability of the stem to grow. While
it might appear counterintuitive that more cellulose would result
in reduced stem height, it is important to note that over-produc-
tion of cell wall synthesis, especially secondary wall synthesis,
often impair plant growth.>>=" In addition, it is also plausible
that the differences in WAK10-related signaling may control
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Figure 4. Artificial selection of WAK10S for thicker rice stem cell walls

(A) Distribution of WAK10® and WAK10" variants (aa 267-293) in 3,000 rice accessions. Black box delineates japonica varieties.

(B) Self-alignment plot of genomic sequences around WAK70. The short blue lines in gray dashed boxes indicate duplication of WAK70 ectodomain-encoding
sequences at LOC_Os01g49580 and LOC_Os01g49614. Red lines indicate self-alignment.

(C) Synteny of the genomic region around WAK10 in Nipponbare and ancestral O. rufipogon.

(D) Phylogeny of the WAK10S, WAK10", RLK580, and RLK614 ectodomain protein sequences.

(E) Population differentiation statistic (FST) and genetic diversity (1) between temperate japonica (TemJ) and ancestral O. rufipogon Il (OR-III).

(F) Proposed model for WAK10 evolution. During the transition from primary cell wall (PCW) to secondary cell wall (SCW) deposition, WAK10 senses the pectic cell
wall components to guide cellulose biosynthesis. Natural and artificial selection for thicker stem cell walls and shorter plants has favored WAK705.

See also Figure S3, Table S2, and Data S2.

other aspects of stem growth. Our results indicate that the STARXMETHODS

WAKT10° allele, which produces shorter plants, originated from

an ancestral WAK10" allele and was selected during domestica-  Detailed methods are provided in the online version of this paper
tion for shorter plants, characteristic of the japonica subspecies, and include the following:

with no major vigor or yield penalty.

Our findings reveal a mechanism for how natural variations of a e KEY RESOURCES TABLE
receptor kinase respond to the transition from primary to sec- ® RESOURCE AVAILABILITY
ondary cell wall synthesis to control plant height and outline O Lead contact
new breeding targets to manipulate plant height for agricultural O Materials availability
benefit. O Data availability
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o EXPERIMENTAL MODEL AND SUBJECT DETAILS
O Plant materials and growth conditions
e METHOD DETAILS
O Genome-wide association study
O Gene expression analysis
O RNA sequencing
O Histochemical and scanning electron microscopy
observation
O Cellulose content measurement
O Histological staining of lignin
O Subcellular localisation and plasmolysis
O Protein—cell wall association assay
O Protein expression and purification
O Protein kinase assay
O Polygalacturonic acid binding assay
O WAKA10 sensitivity assay
O Protoplast preparation
O Population genetics
O Phylogenetic and sequence analyses
o QUANTIFICATION AND STATISTICAL ANALYSIS
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Supplemental information can be found online at https://doi.org/10.1016/j.
cub.2022.12.035.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

a-GST antibody Abcam Cat# ab9085; RRID: AB_306993
a-GFP antibody Abcam Cat# ab32146; RRID: AB_732717
a-thiophosphate ester Abcam Cat# ab92570; RRID: AB_10562142
a-phosphoserine/phosphothreonine (pST) Abcam Cat# ab17464; RRID: AB_443891
Goat Anti-Rabbit IgG H&L (HRP) Abcam Cat# ab205718; RRID: AB_2819160

GFP-Trap magnetic agarose beads

Proteintech, China

Cat# 203012-02-01

Bacterial and virus strains

Escherichia coli DH5a Lab Stock N/A

E. coli Rosetta (DE3) TransGen Biotech N/A
Agrobacterium tumefaciens EHA105 N/A N/A
Chemicals, peptides, and recombinant proteins

Myelin basic protein Sigma-Aldrich Cat# M1891
Polygalacturonic acid Sigma-Aldrich Cat# P3850
Pectinase Sigma-Aldrich Cat# P2611
ATP-vy-S Abcam Cat# ab138911
p-nitrobenzyl mesylate Abcam Cat# ab138910
Fastfilter Plasmid Midi Kit Omega Bio-tek, China Cat# D6905
TRNzol Universal Reagent TIANGEN Biotech Cat# 4992730
FastKing RT Kit (With gDNase) TIANGEN Biotech Cat# 4992250
QuantiNova SYBR Green PCR Kit Qiagen Cat# 208052

Experimental models: Organisms/strains

Temperate Oryza japonica rice accessions
are listed in Data S1.

Rice cv. 9522.
Rice cv. Dongjing
WAK10 T-DNA line in cv. Dongjing

WAK10 CRISPR/Cas9 knock-out
mutant 9522

Rice cv. 9522 overexpression lines
(35S-WAK105-GFP and 35S-WAK10"-GFP)

O. rufipogon accessions

Wang et al.*®

Lab Stock

Postech PFG T-DNA library
Postech PFG T-DNA library

This study

This study

Provided by Dr. Lizhi Gao

As listed in Data S1.

N/A
N/A
PFG_3A-11462
N/A

N/A

IRGC 82040 and IRGC 106133

Nicotiana benthamiana Lab Stock N/A

Oligonucleotides

Primers used in this study are listed in This study N/A

Table S2.

Software and algorithms

Prism 8 Graphpad https://www.graphpad.com/
scientific-software/prism/

GCTA software Yang et al.*® http://gump.qgimr.edu.au/gcta

FaST-LMM program Lippert et al.*® https://www.microsoft.com/en-us/
download/confirmation.aspx?id=52559

LD heatmap Shin et al.*! https://www.jstatsoft.org/article/
download/v016c03/1518

TASSEL 5.0 Bradbury et al.*? https://bitbucket.org/tasseladmin/

tassel-5-standalone/src/master/

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

R package DESeq2 Love et al.*® http://www.bioconductor.org/packages/
release/bioc/html/DESeqg2.html.

jvenn website Bardou et al.** http://jvenn.toulouse.inra.fr/app/index.html

AgriGO V2.0 Tian et al.*® http://systemsbiology.cau.edu.cn/
agriGOv2/index.php

VCF Tools Danecek et al.“® https://vcftools.sourceforge.net

ECOGEMS Yao et al.*’ http://ecogems.ncpgr.cn

Rice Variation Map v2.0 Zhao et al.*® http://ricevarmap.ncpgr.cn

LAST web service N/A http://last.cbrc.jp/

MEGA-X (version 10) Kumar et al.*® https://www.megasoftware.net/

P-MITE Chen et al.”° http://pmite.hzau.edu.cn

ImageJ Schneider et al.”" https://imagej.net/software/fiji/

RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Dabing
Zhang (zhangdb@sjtu.edu.cn).

Materials availability
Plasmids and transgenic lines generated in this study will be made available on request, but we may require a payment and/or a
completed Materials Transfer Agreement if there is potential for commercial application.

Data availability

Genotype data in this study can be downloaded from Rice SNP-Seek Database (https://snp-seek.irri.org/) for GWAS analysis; un-
published RPGA database (http://rpga.novelbio.com/#/) for the population genetic differentiation (FST) index analysis; ECOGEMS
database (http://ecogems.ncpgr.cn/) for the nucleotide diversity () index analysis; and RiceVarMap V2.0 database (http://
ricevarmap.ncpgr.cn/) for WAK10 allele frequency analysis.

The spatio-temporal expression profile data of candidate genes in GWAS can be downloaded from RiceXPro database (https://
ricexpro.dna.affrc.go.jp/GGEPY/).

Raw data for charts presented in this manuscript are available in Data S4. The authors declare that all data supporting the findings
of this study are available within the manuscript and its supplemental information files or are available from the corresponding author
upon request. Any additional information required to re-analyse the data reported in this paper is available from the lead contact upon
reasonable request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS

Plant materials and growth conditions

The 164 temperate Oryza sativa ssp. japonica varieties analysed for plant height were selected from the 3000 rice genome project.*®
Plants were grown during the natural growing season (December to April) in 2015 and 2016 in Sanya (18 °N 109 °E, Hainan province,
China) according to standard local cultivation practices. Plant heights were measured after grain maturity (Data S1B). Two
O. rufipogon accessions (IRRI accession no. IRGC 82040 and IRGC 106133) were kindly provided by Dr. Lizhi Gao from Kunming
Institute of Botany, Chinese Academy of Sciences.

The T-DNA line (cv. Donging, PFG_3A-11462, referred to here as WAK10-T) was ordered from Postech PFG T-DNA library (http://
www.postech.ac.kr/life/pfg/risd/). The presence of T-DNA at WAK10 was verified by PCR as previously described,*? using primers
listed in Table S2. Loss-of-function and overexpression mutants were generated in wild type cultivar 9522. The CRISPR/Cas9 sgRNA
(5'- GTGCACGTCGAGCCAGAGCA-3') was used to target the first and second exon of WAK70 (LOC_Os01g49529) according to Xie
et al.>® Agrobacterium-mediated transformation of rice callus (cv. 9522) and regeneration of rice plants for WAK70 genomic editing
was performed as previously described.®”> The resulting wak70 mutant was verified by PCR as previously described®® and
sequencing (Personal, Shanghai), using primers listed in Table S2.

To generate WAK10% and WAK70" overexpression plants, WAK10° (from cv. B016) and WAK70" (from cv. B230) coding
sequences were fused upstream of a GFP sequence were inserted into pCAMBIA1301 (Abcam). The resulting constructs were
transfected into Agrobacterium tumefaciens EHA105 and introduced into cv. 9522.° Seedlings were hydroponically grown on
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%% Murashige and Skoog medium at 28 °C /70 % relative humidity / 12 h photoperiod with approximately 200 umol photons m=2 s~

for up to 4 weeks in growth chambers (Percival) and subsequently transferred to the paddy field or greenhouses at Shanghai Jiao
Tong University (30 °N 121 °E, Shanghai, China) during the natural growing season (June to September) according to standard local
practice. For heterologous expression, the same GFP-tagged constructs were introduced into Nicotiana benthamiana and grown as
described.*

For plant height measurement, wak10-T T-DNA, wak10 CRISPR/Cas9, WAK10° and WAK10” overexpression plants and their cor-
responding wild type plants were measured as for the 164 japonica varieties. Growth chambers grown 4-week wak70-T T-DNA,
wak10 CRISPR/Cas9, and their wild type counterpart lines were also measured for plant height.

METHOD DETAILS

Genome-wide association study
Principal component analysis (PCA) across 3,509,474 SNPs (minor allele frequency (MAF)>0.05) was used to evaluate population
structure using GCTA software.®® GWAS analysis was performed using the linear mixture method (LMM) method in the FaST-
LMM program.*°The population structure of kinship (K matrix) was used as a random effect. The effective numbers of independent
SNPs and significance thresholds were calculated as described previously,*® generating a significance threshold (o value) of 7.3E-06.
The LD heatmap surrounding the ROI (region of interest) was constructed using the R package "LD heatmap.*'” SNPs in WAK10
across the 164 varieties are shown in Data S2.

A list of SNPs in the WAK70 genomic region (position from 28484846 to 28496046 on chromosome 1) across 164 cultivars was
downloaded from the Rice SNP-Seek Database (https://snp-seek.irri.org/)*® with manual editing. A phylogenetic tree was con-
structed using the neighbour-joining clustering method in TASSEL 5.0.%? All these SNPs mentioned above are shown in Data S2.

Gene expression analysis
The spatio-temporal expression profile of genes in the GWAS candidate region was examined with RiceXPro microarray data (https://
ricexpro.dna.affrc.go.jp/GGEP/). The expression heatmap was generated on line with Z-Score as “2/-2”.

RT-PCR was used to study the WAK70 expression. To determine overall WAK10 expression in WAK70 T-DNA mutant, plant
materials with mixed stem, leaf and root tissues from WAK70 T-DNA mutant and cv. Dongjing at the heading stage were collected
for RNA extraction. To study the expression of WAK10 isoforms expression, stem, leaf and root tissues were separately collected
from cv. 9522 at heading stage. RNA extraction and cDNA synthesis were conducted following Li et al.>* with TRIzol reagent
(TIANGEN Biotech) and FastKing RT Kit (TITANGEN Biotech). For RT-PCR, isoforms specific primers (Table S2) were used with the
following cycling conditions: 95 °C for 30 s for pre-incubation; followed by 30 cycles of 95 °C for 5 s/ 60 °C for 30 s / 72 °C for
30 s, and PCR products were visualised with electrophoresis.

For quantitative expression analysis of genes involved in secondary cell wall formation (QRT-PCR), 3 biological replicates of inter-
node 2 tissue at heading stage were collected from cv. 9522 and wak70 stems. RNA extraction and cDNA synthesis were followed.
For gRT-PCR, QuantiNova SYBR Green PCR Kit (TIANGEN Biotech) with gene-specific primers (Table S2) was used with the
following PCR cycling conditions: 95 °C for 30 s for pre-incubation; followed by 50 cycles of 95 °C for 5 s and 60 °C for 30 s for
2-step amplification. The rice ubiquitin (UBQ, LOC_0s03g13170) was used as an internal control®*° to normalise gene expression
levels. Transcript levels relative to UBQ were calculated using 2%t methods,** while fold-change was a direct ratio of expression in
wak10 to expression in cv. 9522 tissues.

RNA sequencing

Developing stems were sampled from ab. 3 months wild type plants (9522. cv.), wak10, and WAK10® and WAK10" overexpression
plants grown on paddy field. RNA extraction and library construction and sequencing was according to Li et al.°® Each genetic line
was represented by three independent biological samples. Raw sequencing reads were processed as described in Li et al.°® Read
count data for 55986 loci were obtained totally. DEGs accounts for the genotype with a cut-off of fold change greater than 1.5 and p
value smaller than 0.05 were identified using the R package DESeq?2 (version 3.11).*° Overlaps of DEG were identified in jvenn web-
site (http://jvenn.toulouse.inra.fr/app/index.html).** GO analysis was performed using AgriGO V2.0 (http://systemsbiology.cau.edu.
cn/agriGOv2/index.php).*®

Histochemical and scanning electron microscopy observation
The second internode of rice stems were collected and fixed with 3% (w/v) paraformaldehyde and 0.25% (w/v) glutaraldehyde in
0.2 M sodium phosphate buffer (pH 7.0) for 20 h at 4 °C, rinsed with 0.1 M phosphate buffer (pH 7.0), and dehydrated in an ethanol
series.®” Samples were embedded in Technovit 7100 resin (Hereaus Kulzer), and polymerized at 60 °C for 48 h. Transverse and
longitudinal 2 pm sections were cut using an Ultratome Il ultramicrotome (LKB) and stained with 0.25% toluidine blue
O (Chroma-gesellschaft). The images were taken with a Nikon E600 microscope and a Nikon DXM1200 digital camera. Cell length:-
width ratio was calculated based on cell length and width measurements with Toluidine blue staining of internode 2 tissue at heading
stage as described.*”

Segments (~0.2 cm) of rice stem from internode 2 were excised with sharp razors. Samples were fixed in FAA solution (5:5:63:27
formaldehyde:acetic acid:ethanol:water) for 2 h, and dehydrated in an ethanol series (70-100 % ethanol, in 10 % increments).
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Samples were dried with an automated critical point dryer (Leica EM CPD300) and glued to a copper platform with conductive ad-
hesive. The surfaces of stem sections were coated with gold using a vacuum coater (Leica EM SCD050), and photographed with a
scanning electron microscope (Hitachi S-3400N II).

Cellulose content measurement

Rice stem cellulose content was measured as described previously with minor modifications.* Internode 1 of rice stems was cut into
small pieces and dried at 70 °C for 3 d in a ventilated incubator. The dried materials were homogenised for 2.5 min at 25 Hz with
Shocker (JXFSTPRP-24). The powderised samples were washed twice in 70 % (v/v) ethanol, vortexed, and pelleted by centrifugation
at 14,000 g for 10 min. The pellet was suspended in a 1:1 chloroform: methanol mixture for 6 h on a rocker table at 25 °C, and centri-
fuged at 14,000 g for 10 min. The ethanol and chloroform:methanol treatments were repeated. The resulting pellet was dried in the
ventilated incubator (70 °C) overnight, and weighed (ethanol-insoluble dry weight).

Samples were incubated with 1 mL Updegraff reagent (8:1:1 acetic acid:nitric acid: water) for 30 min at 100 °C, followed by centri-
fugation 10,000 g for 10 min. Pellets were washed once with 1.5 mL water, and three times with 1.5 mL acetone, centrifuging at
14,000 g for 10 min after each wash. After the final acetone wash, the pellet was dried overnight. The pellet was resuspended in
175 pL 72% (v/v) sulfuric acid and incubated at 25 °C for 30 min with occasional vortexing. After addition of 825 pL distilled water,
the sample was centrifuged at 10,000 g for 10 min. Supernatants were assayed for glucose content by the anthrone assay, using free
glucose as a standard.®® Cellulose content was calculated assuming that all free glucose was derived from cellulose.

Histological staining of lignin

The second stem internode of rice stems was collected, fixed, and sectioned as described for histochemical staining. Sections were
immediately placed on a glass microscope slides and kept wet with distilled water. After removing water, a few drops of 1 % (w/v)
phloroglucinol (Sinopharm) in 20 % (v/v) HCI was applied directly to the specimens. After 3 min at room temperature, a few more
drops of the phloroglucinol solution were added, and samples covered with a coverslip. Photographs were taken within 30 min using
a Nikon E600 microscope and a Nikon DXM1200 digital camera.

Subcellular localisation and plasmolysis

The epidermal layers ~0.5 cm? were taken by tweezers from the second stem internode of WAK105-GFP and WAK10"-GFP over-

expression lines, and mount on a 3 mm thick glass slide for microscopy imaging. The GFP fluorescent signals were imaged with a

confocal laser-scanning microscope (TCS SP5; Leica) with excitation wavelength 488 nm and emission wavelength 500-550 nm.
N. benthamiana expressing GFP-tagged WAK10° and WAK10" constructs was prepared as above described. Expression was

confirmed with microscopy and subsequently incubated in 20% mannitol or water for 1 hour at room temperature with gentle

shaking. The GFP fluorescent signals were imaged with a confocal laser-scanning microscope as above.

Protein-cell wall association assay

The cell wall association assay was conducted as previously described.?® Briefly, 150 mg N. benthamiana leaves expressing
WAK105-GFP or WAK10"-GFP (prepared as described above) were ground in liquid nitrogen and extracted in the presence of
50 mM dithiothreitol (DTT) with different detergents: 4% sodium dodecyl sulphate (SDS), 1% Tween 20, 1% Nonidet P-40
(NP-40), 1% Triton X-100, or 1% CHAPS (3-[(3-cholamidopropyl) dimethylammonio]-1-propanesulfonate hydrate). SDS extractions
were also repeated with incubation at 95 °C for 5 min in the presence and absence of DTT. Extracts were centrifuged at 5,000 g for
30 min at 4 °C, and immunoblotted using «-GFP antibody. Protein in the supernatant is considered to have been released from the
cell wall.

Protein expression and purification

The cDNAs encoding the cytosolic C-terminal WAK10 domain and the extracellular N-terminal WAK10° and WAK10" domains were
cloned into pET-28a and pGEX-4T-1 (+), respectively, with a one-step cloning kit (ClonExpress Il, Vazyme) using primers listed in
Table S2. Plasmids were transformed into Escherichia coli cells Rosetta (DE3) (TransGen Biotech). Cells were selectively grown in
LB to ODgp=0.7 at 37 °C before cooling to 18 °C and adding isopropyl-B-D-thiogalactopyranoside (IPTG) to a final concentration
of 0.2 mM. Cells were incubated for an additional 12 h at 18 °C to induce expression of the tagged proteins: cWAK10-6 x his (poly-
histidine), eWAK10S-GST (glutathione S-transferase), and eWAK10"-GST. Cells were harvested by centrifugation at 4,000 g for
20 min, and stored at -80 °C until required. The native his-tagged and GST-tagged proteins were purified using nickel-nitrilotriacetic
acid (Ni-NTA) agarose (Qiagen) or Glutathione HiCap Matrix (Qiagen), respectively, according to the manufacturer’s instructions.

Protein kinase assay

The kinase activity of c(WAK10 was tested using in vitro kinase assays as previously described with modifications.®" 1 pg recombinant
cWAK10-6 xHis and 1 ug myelin basic protein (MBP, Sigma-Aldrich) were mixed in kinase buffer (25 mM HEPES (4-(2-hydroxyethyl)-
1-piperazineethanesulfonic acid), pH 7.4, 50 mM KCI, 10 mM MgCl,, 10 uM adenofsine triphosphate (ATP)) in the presence and
absence of 2 ATP-y-S (Abcam, ab138911) at 37 °C for 1 h. 2 pl EDTA (0.5 M) was used to stop reaction followed by additional
2 ul p-nitrobenzyl mesylate (50 mM) to start alkylation for 30 min at room temperature. Reaction mixture was then boiled at 95°C
for 5 min with SDS loading buffer. Protein amounts were confirmed by Coomassie Brilliant Blue staining. Incorporated
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thiophosphates suggesting phosphorylation were immunoblotted using an antibody directed against thiophosphate ester (Abcam,
ab92570, 1:5000).

Polygalacturonic acid binding assay

An in vitro pull-down competition assay based on polygalacturonic acid (PGA) binding affinity was performed according to Lin et a
WAK10° and WAK10" were prepared from extraction from N. benthamiana expressing corresponding construct with extraction
buffer (20 mM Tris pH 8.2, NaCl 150 mM, 0.5% Triton X-100, 0.5 mM CaCl, and protease inhibitor mixture from Roche). Protein
amount was roughly quantified by Bradford Assay (Bio-rad). GST tagged ectodomains of WAK10" and GST protein was expressed
from E.coli (Rosetta DE3) and purified using standard protocol.?° 20 ul protein extract from N. benthamiana expressing WAK10° or
WAK10T (approx. 200 pg total protein) and 200 ng E coli expressed proteins (WAK10'-GST or GST) were incubated with the indicated
amounts of PGA in PGA binding buffer (20 mM Tris pH 8.2, NaCl 150 mM, 0.5 mM CaCl, and protease inhibitor mixture from Roche).
20 uL of supernatant was used as input control and the rest were incubated for 2 hours at room temperature with gentle shaking. PGA
were pelleted and collected by centrifuging at 6000 g for 10 minutes at 4°C and washed three times with washing buffer. 20 uL 1x
SDS loading buffer was added to the pull-down pellet and the released proteins were analyzed by western blot with a a-GST (Abcam,
1:2500 dilution, 4°C, O/N) and a-GFP (Abcam, 1:2500 dilution) antibody. Experiments were performed in triplicate.

|20

WAK10 sensitivity assay

The sensitivity of eWAK10° and eWAK10" to short pectin fragments was conducted as previously described with modifications.®?
Briefly, eWAKS (1-302 aa) and eWAK10" (1-312 aa) were fused to the transmembrane and cytosolic kinase domain of OsBRI1
(LOC_0s01g52050, 740-1121aa), and cloned into the pCAMBIA13101 in-frame with GFP. For testing the full length WAKS and
WAK10", the plasmid for WAK70° and WAK70" overexpression plants were used. Plasmids were transformed and expressed in
N. benthamiana as described above. Plants expressing the protein were injected with with/without 50 U/mL pectinase (Sigma,
P2611) in liquid MS medium as described. After 4 h, plant materials were collected and GFP-tagged proteins were extracted with
the GFP-trap magnetic agarose beads (Proteintech, China). Proteins were run on an SDS-PAGE gel and immunoblotted with
a-GFP antibody (Abcam: ab32146) to detect protein levels; or with a-phosphoserine/phosphothreonine (pST) antibody (Abcam:
ab17464) to detect autophosphorylation. The secondary antibody, a-rabbit IgG (Abcam: ab205718) was then applied. The ratio of
phosphorylated protein (standardised to protein levels) of the pectinase treated to the non-treated plants was used to determine
the sensitivity of WAK10 in response to short pectin fragments.

Protoplast preparation

Protoplasts were prepared according to the protocol described by Chang et al.”” Maxiprep DNA for transient expression was pre-
pared using the Fastfilter Plasmid Midi Kit (Omega Bio-tek, China). 2x10° protoplasts were transfected with indicated WAK 0% and
WAK10" incubated at room temperature (ab. 25 °C) with dim light (10 mM m™2 s7") for 8-10 hours. Protoplasts was then treated with/
without 20 pg PGA for another 4 hours. Protoplasts was then collected to isolate RNA for expression assay.

|63

Population genetics
The population genetic differentiation (FST) index between temperate japonica and wild rice (O. rufipogon lll) was calculated through
VCF Tools.*® The variants in the WAK70 nearby genomic region from 446 O. rufipogon and temperate japonica varieties were down-
load from RPGA database (http://rpga.novelbio.com/#/).

The nucleotide diversity () in the 400 kb region (200 kb up and 200 kb down) centred on the WAK70 gene in temperate japonica
and O. rufipogon lll varieties was calculated with webtool ECOGEMS (http://ecogems.ncpgr.cn/).*” The details of these accessions
and their sequencing data have been previously reported.*’

Phylogenetic and sequence analyses

The frequency and variation ID of each WAK 10 indel/SNP was extracted from Rice Variation Map v2.0 (http://ricevarmap.ncpgr.cn/)*®
and illustrated in pie charts. Only variations affecting amino acids at the Cterminal of ectodomain are presented. WAK10%, WAK10T,
RLK580 and RLK614 (last two sequences were obtained from MSU_7 annotation) were aligned using DNAMAN (version 7.0) multiple
sequence alignment with default settings. The phylogenetic tree of the four ectodomains was constructed using maximum likelihood
method based on the Jones-Taylor-Thorton (JTT) model using bootstrap of 1000 replicates.

The plot of self-alignment of the WAK10, RLK580 and RLK614 containing sequences (Chr01:28481352-28535265) was carried out
with LAST web service (http://lastweb.cbrc.jp/). The same region was analysed for syntenic relation with the correlated region of
O. rufipogon OR_W1943 from a pairwise alignment in Ensembl Plants (http://plants.ensembl.org/).?*

The protein domain annotation was according to UniProt (https://www.uniprot.org, WAK10 protein accession no.: Q5N7Q7_OR-
YSJ). The WAK10 like sequences form Glycine max, Solanum lycopersicum, Arabidopsis thaliana, Populus trichocarpa, Sorghum
bicolor, Brachypodium distachyon, and Zea mays. were obtained from reciprocal blast in Phytozome (https://phytozome.jgi.doe.
gov).%® ClustalW alignment was carried out using MEGA-X (version 10).“° The C-terminal kinase domains were cut-off based on
rice WAK10 protein domains. The phylogeny was constructed with MEGA-X using Maximum Likelihood method based on the
Jones-Taylor-Thorton (JTT) model using bootstrap of 1000 replicates.
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The WAK10 gene and its 5 kb upstream sequence was subjected to a BLAST search for transposable elements in P-MITE (http://
pmite.hzau.edu.cn/).>°

QUANTIFICATION AND STATISTICAL ANALYSIS

Plant height was measured with a metric tape ruler. Cell wall thickness and western blots bands intensity quantification was carried
out with ImageJ.®" Sample sizes (n) are indicated and defined in each legend and/or in Data S4 as either number of cultivars, plants,
cells, western blot replicates. Data used to generate figures are presented in Data S4. p-values were computed by Student’s t-test,
ANOVA, two-tailed Mann-Whitney U-test, unpaired two-samples t-test, and Pearson correlation (r?) were computed with GraphPad
Prism (version 8), and p<0.05 was considered a significant difference. See also Data S4.

e6 Current Biology 33, 498-506.e1-€6, February 6, 2023


http://pmite.hzau.edu.cn/
http://pmite.hzau.edu.cn/

	A receptor-like kinase controls the amplitude of secondary cell wall synthesis in rice
	Introduction
	Results
	WAK10 determines plant height in japonica varieties
	WAK10 controls plant height by suppressing secondary wall cellulose synthesis
	Sequence variations in the ectodomain of WAK10 control plant height
	WAK10T binds pectic ligands more strongly than WAK10S
	WAK10T amplifies pectin-derived signals more strongly than WAK10S
	The selection of shorter rice coincides with less potent WAK10 alleles

	Discussion
	Supplemental information
	Acknowledgments
	Author contributions
	Declaration of interests
	References
	STAR★Methods
	Key resources table
	Resource availability
	Lead contact
	Materials availability
	Data availability

	Experimental model and subject details
	Plant materials and growth conditions

	Method details
	Genome-wide association study
	Gene expression analysis
	RNA sequencing
	Histochemical and scanning electron microscopy observation
	Cellulose content measurement
	Histological staining of lignin
	Subcellular localisation and plasmolysis
	Protein–cell wall association assay
	Protein expression and purification
	Protein kinase assay
	Polygalacturonic acid binding assay
	WAK10 sensitivity assay
	Protoplast preparation
	Population genetics
	Phylogenetic and sequence analyses

	Quantification and statistical analysis



