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Abstract

Lignin is a complex phenylpropanoid polymer deposited in the secondary cell walls of vascular plants. Unlike most gymno-
sperm and eudicot lignins that are generated via the polymerization of monolignols, grass lignins additionally incorporate the
flavonoid tricin as a natural lignin monomer. The biosynthesis and functions of tricin-integrated lignin (tricin-lignin) in grass
cell walls and its effects on the utility of grass biomass remain largely unknown. We herein report a comparative analysis of
rice (Oryza sativa) mutants deficient in the early flavonoid biosynthetic genes encoding CHALCONE SYNTHASE (CHS),
CHALCONE ISOMERASE (CHI), and CHI-LIKE (CHIL), with an emphasis on the analyses of disrupted tricin-lignin formation
and the concurrent changes in lignin profiles and cell wall digestibility. All examined CHS-, CHI-, and CHIL-deficient rice
mutants were largely depleted of extractable flavones, including tricin, and nearly devoid of tricin-lignin in the cell walls, sup-
porting the crucial roles of CHS and CHI as committed enzymes and CHIL as a noncatalytic enhancer in the conserved bio-
synthetic pathway leading to flavone and tricin-lignin formation. In-depth cell wall structural analyses further indicated that
lignin content and composition, including the monolignol-derived units, were differentially altered in the mutants. However,
regardless of the extent of the lignin alterations, cell wall saccharification efficiencies of all tested rice mutants were similar to
that of the wild-type controls. Together with earlier studies on other tricin-depleted grass mutant and transgenic plants, our

Received November 10, 2021. Accepted December 09, 2021. Advance access publication December 28, 2021
© American Society of Plant Biologists 2021. All rights reserved. For permissions, please email: journals.permissions@oup.com

20z Mdy g uo 1senb Aq GZ¥9819/£66 L /7/88 L/8Ionie/sAyd|d/woo dno-olwspeoe//:sdiy wolj pspeojumoq


https://orcid.org/0000-0002-4872-9824
https://orcid.org/0000-0002-9604-7676
https://orcid.org/0000-0003-3102-0082
https://orcid.org/0000-0003-4538-5533
https://orcid.org/0000-0002-8276-0550
https://orcid.org/0000-0002-3819-2437
https://orcid.org/0000-0003-1135-5387
https://orcid.org/0000-0002-7578-7392
https://orcid.org/0000-0002-1995-3843
https://academic.oup.com/plphys/pages/general-instructions

1994 I PLANT PHYSIOLOGY 2022: 188; 1993-2011

Lam et al.

results reflect the complexity in the metabolic consequences of tricin pathway perturbations and the relationships between

lignin profiles and cell wall properties.

Introduction

Lignin is a complex phenolic polymer produced in the sec-
ondary cell walls of vascular plants. By filling up the spaces
between cell wall polysaccharides, that is, cellulose and
hemicelluloses, lignin contributes to the essential mechanical
and biochemical properties required for the development of
land plant vasculature (Boerjan et al, 2003; Bonawitz and
Chapple, 2013; Coomey et al., 2020). From an agro-industrial
application perspective, lignin has long been considered as
the major factor hindering polysaccharide-based lignocellu-
losic utilization processes, including those used for produc-
ing pulp and paper as well as fermentable sugars for
downstream biochemicals. More recently, lignin is increas-
ingly being viewed as a viable source of biomass-derived aro-
matic chemicals (Ragauskas et al, 2014; Rinaldi et al, 2016;
Sun et al, 2018; Abu-Omar et al, 2021). Accordingly, there
has been considerable interest in the development of bioen-
gineering strategies for controlling lignin quantity and qual-
ity for both polysaccharide- and lignin-based lignocellulosic
utilization (Rinaldi et al, 2016; Umezawa, 2018; Dixon and
Barros, 2019; Dixon and Pasinetti, 2010; Ralph et al, 2019;
Umezawa et al., 2020).

The chemical structures of lignin polymers, which are
highly variable among different classes of vascular plants, are
primarily defined by the formulation of lignin monomers
used for lignin polymerization via oxidative radical coupling
in the cell walls (Freudenberg, 1965; Sarkanen and Ludwig,
1971; Ralph et al, 2004, 2019). In general, lignins produced
by most gymnosperms, eudicots, and nongrass monocot
species are derived from monolignols, namely coniferyl,
sinapyl, and p-coumaryl alcohols, which respectively gives
rise to the guaiacyl (G), syringyl (S), and p-hydroxyphenyl
(H) units in the final lignin polymers (Figure 1). In grasses
(i.e. the major monocot family Poaceae), a substantial por-
tion of the monolignols incorporated into lignin polymers
are vy-acylated by p-hydroxycinnamates, mainly p-couma-
rates (pCAs; Ralph et al, 1994; Ralph, 2010; Karlen et al,
2018) as well as ferulates (FAs), albeit at much lower levels
(Karlen et al., 2016). Hence, along with the conserved, nona-
cylated monolignols, the y-acylated monolignols represent
canonical lignin monomers in grasses (Ralph, et al, 2019).
The cinnamate/monolignol pathway leading to the forma-
tion of these nonacylated and y-acylated monolignols has
been extensively investigated (Figure 1; Umezawa, 2018;
Dixon and Barros, 2019; Ralph et al, 2019; Coomey et al,
2020; Umezawa et al., 2020).

Another defining feature of grass lignin is the inclusion of
tricin, which is a flavone (a class of flavonoid), as an addi-
tional natural lignin monomer biosynthesized outside of the
cinnamate/monolignol pathway (Figure 1; del Rio et al,

2012, 2020; Lan et al, 2015 Lam et al, 2021). During grass
cell wall lignification, tricin co-polymerizes with nonacylated
and y-acylated monolignols via oxidative radical coupling
and becomes an integrated part of the lignin polymers in
the cell walls (Lan et al, 2015, 2016a). Tricin-integrated lignin
(tricin-lignin) is ubiquitous among grasses, but it has also
been detected in several nongrass monocot species as well
as in a dicot alfalfa (Medicago sativa; Lan et al, 2016b).
Given the considerable importance of numerous grass crops
as lignocellulose feedstocks and the prominent effects of lig-
nin on the utility of lignocellulose, developing bioengineering
approaches for modulating tricin-lignin formation in grasses
has become an emerging research objective (Halpin, 2019;
Coomey et al, 2020; del Rio et al, 2020; Umezawa et al,
2020; Lam et al, 2021). Currently, however, our understand-
ing of how tricin-lignin influences the utility of grass biomass
remains limited.

The flavonoid biosynthetic pathway that produces vari-
ous extractable flavonoids, including flavones such as tri-
cin O-conjugates and flavone C-glycosides abundant in
grass vegetative tissues (Harborne and Hall, 1964; Brazier-
Hicks et al, 2009; Dong et al, 2014), has been character-
ized by analyses of various grass mutants (Lam et al.,
2021); however, the contribution of each pathway enzyme
to tricin-lignin formation has not been fully investigated.
As are all other flavonoids, tricin can be generated via the
conserved entry of the flavonoid biosynthetic pathway in
which two committed enzymes, CHALCONE SYNTHASE
(CHS) and CHALCONE ISOMERASE (CHI), channel the
carbon flux from the phenylpropanoid and polyketide
pathways by using p-coumaroyl-CoA and malonyl-CoA,
respectively, to generate the flavanone naringenin, a com-
mon precursor for all flavonoid classes (Figure 1; Yu et al.,
2005; Shih et al., 2008; Eloy et al, 2017; Wang et al., 2020).
The downstream flavone-specific pathway leading to tri-
cin involves the construction of the flavone aromatic sys-
tem via C-ring desaturation catalyzed by FLAVONE
SYNTHASE Il (FNSII; Lam et al., 2015, 2017) and successive
B-ring hydroxylations and O-methylations mediated by
APIGENIN  3'-HYDROXYLASE/CHRYSOERIOL  5'-HYDR
OXYLASE (A3’'H/C5'H; Lam et al, 2019a) and O-methyl-
transferases (OMTs), including 5-HYDROXYCONIFER
ALDEHYDE OMT (CAIdOMT or CAFFEIC ACID OMT,
COMT), a bifunctional OMT involved in both tricin and
monolignol biosynthesis in grasses (Figure 1; Lam et al.,
2015; Fornalé et al, 2016; Eudes et al, 2017; Lam et al,
2019b). In addition to these committed enzymes, CHI-LIKE
(CHIL), which belongs to the class IV CHI family whose mem-
bers generally lack CHI catalytic activity, has been described
to be a component of flavonoid metabolons as a noncatalytic
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Figure 1 Proposed flavonoid and monolignol biosynthetic pathways in grasses. PTAL, .-phenylalanine/L-tyrosine ammonia-lyase; PAL, L-phenylala-
nine ammonia-lyase; C4H, cinnamate 4-hydroxylase; 4CL, 4-hydroxycinnamate:CoA ligase; F3'H, flavonoid 3'-hydroxylase; FOMT, flavonoid O-methyl-
transferase; F2H, flavanone 2-hydroxylase; CGT, C-glycosyltransferase; DHT, dehydratase; C3H, p-coumarate 3-hydroxylase; APX, ascorbate peroxidase;
HCT, p-hydroxycinnamoyl-CoA:quinate/shikimate hydroxycinnamoyl transferase; C3'H, p-coumaroyl ester 3-hydroxylase; CSE, caffeoyl shikimate ester-
ase; CCoOAOMT, caffeoyl-CoA OMT; CAld5H, coniferaldehyde 5-hydroxylase; CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol dehydrogenase;
PMT, p-coumaroyl-CoA:monolignol transferase; LAC, laccase; PRX, peroxidase. In purple: flavonoid biosynthetic pathway. In blue: monolignol biosyn-

thetic pathway. Thick arrow: enhancer activity.

enhancer (Ban et al, 2018; Ni et al, 2020; Waki et al, 2020).
Although the CHIL-mediated enhancement of flavonoid pro-
duction has been reported in many plant species (Morita
et al, 2014; Jiang et al,, 2015; Clayton et al, 2018; Zhao et al,
2021), its potential role in the biosynthesis of grass flavones,
including tricin-lignin, has yet to be examined.

We previously investigated the roles of the downstream
tricin biosynthetic enzymes, that is, FNSII, A3’H/C5'H, and
CAIdOMT, on tricin-lignin formation in rice (Oryza sativa), a
model grass species and a commercially important grain
crop. Rice mutant and transgenic plants deficient in OsFNSII
(CYP93G1; Lam et al, 2017), OsA3’H/C5'H (CYP75B4; Lam
et al, 2019a), and OsCAIdOMT1 (or RICE OMTY9; Lam et al,
2019b) produced altered cell walls with lignins largely de-
pleted in tricin units, demonstrating the pivotal roles of
these enzymes on tricin-lignin formation. Intriguingly, these
tricin-depleted rice plants consistently had decreased total
lignin levels, altered S/G lignin unit ratio, and enhanced cell
wall digestibility. In stark contrast, Eloy et al. (2017) reported
that a maize (Zea mays) Colorless2-inhibitor diffuse (C2-Idf)
mutant defective in CHS, displayed a considerable increase

in the lignin content and a decrease in cell wall digestibility,
along with substantially decreased tricin-lignin levels. Overall,
these earlier studies suggest that disrupting the tricin path-
way enzymes not only impedes the formation of tricin-
lignin but also affects the core lignin polymer units derived
from monolignols, although the underlying mechanisms re-
main unclear.

Following our previous studies focusing on the down-
stream tricin-specific biosynthetic enzymes (i.e. FNSII, A3'H/
C5'H, and CAIdOMT; Lam et al, 2017, 2019a, 2019b), this
study was conducted to examine the consequences of dis-
rupting the two committed entry enzymes in the flavonoid
biosynthetic pathway, that is, CHS and CHI, as well as the
noncatalytic enhancer protein, that is, CHIL, on tricin-lignin
formation in rice. Genome-edited rice mutants harboring
loss-of-function mutations in the rice CHI (OsCHI) and
CHIL (OsCHIL1 and OsCHIL2) genes were generated using
the clustered regularly interspaced short palindromic
repeats (CRISPR)/CRISPR-associated 9 (Cas9) system.
These CRISPR mutants along with a T-DNA insertional
mutant of rice CHS (OsCHS1; Wang et al, 2020) were
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analyzed regarding their extractable flavone profiles, cell
wall structures with emphasis on the disruptions in tricin-
lignin formation, and the concurrent shifts in the profiles
of the monolignol-derived lignin units and cell wall
saccharification. We demonstrated the crucial roles of
CHS, CHI, and CHIL in generating tricin-lignin in rice.
Intriguingly, along with the depletion in tricin units, the
core lignin polymer units derived from monolignols were
differentially altered in the CHS-, CHI-, and CHIL-deficient
rice mutants. Together with the data from earlier studies
on other tricin-depleted grass mutants (Eloy et al. 2017;
Lam et al, 2017, 2019a, 2019b), the complex effects of tri-
cin pathway perturbations on lignin profiles and cell wall
properties are discussed.

Results

Rice genes involved in the entry to the flavonoid
biosynthetic pathway

The first committed step of the flavonoid biosynthetic path-
way is the conversion of p-coumaroyl-CoA to naringenin
chalcone via a reaction catalyzed by CHS (Figure 1). The rice

OsCHS1
OsCHIL1
OsCHIL2

0 20 40 60 80

OsCHS2 | n.d.
OsCHI

0 01 02 03 04 05 06 07
Relative expression level over OsUBQ5 in wild-type culm

Lam et al.

genome encodes two putative CHSs, namely OsCHS1
(LOC_0Os11g32650) and OsCHS2 (LOC_Os07g11440). These
two CHSs have similar sequences (82% amino acid sequence
identity) and clustered with other grass CHSs rather than
with the dicot CHSs in the constructed phylogenetic tree
(Figure 2A). Previously, OsCHS1 was shown to be able to
convert p-coumaroyl-CoA to naringenin chalcone in vitro
(Park et al,, 2020) and complement the lack of flavonoid ac-
cumulation in the CHS-deficient Arabidopsis (Arabidopsis
thaliana) transparent testa4 mutant (Shih et al, 2008).
Recently, OsCHS1 mutation was reported to prevent the ac-
cumulation of various extractable flavonoids in rice anthers
(Wang et al, 2020). Here, gene expression analysis by reverse
transcription-quantitative PCR (RT-qPCR) indicated that
OsCHS1 is highly expressed in wild-type (WT) rice culms
(Figure 2C), in which lignification typically occurs, suggesting
its potential involvement in the biosynthesis of tricin for lig-
nification. For OsCHS2, although a previous study demon-
strated its enzymatic activity in vitro (Park et al, 2020), no
OsCHS2 transcripts were detected in WT rice culms
(Figure 2C). Only OsCHS1 was therefore analyzed further in
this study.

®
o=
Q
0
o

|

— class | CHIs
— class Il CHIs
- class IV CHIis (CHILs)

Figure 2 Major CHS, CHI, and CHIL proteins in rice. A and B, The unrooted phylogenetic trees of CHS (A) and classes |, Il, and IV CHI/CHIL (B)
proteins in angiosperm were built by neighbor-joining method. Bootstrapping with 1,000 replicates was performed. Scale bars denote 0.05 (A) and
0.1 (B) substitutions per site. Am, A. majus; At, A. thaliana; Bd, B. distachyon; Gm, G. max; H, H. lupulus; In Ipomoea nil; Lj, L. japonicas; Md, M. x
domestica; Mt, M. truncatula; Pv, P. virgatum; Pc, P. crispum; Ph, P. hybrida; Sb, S. bicolor; T, tomato, S. lycopersicum; Th, T. hybrid; Vv, V. vinifera;
Zm, Z. mays. Filled circle: characterized in planta. Open circle: characterized in vitro. C, Relative gene expression levels over an ubiquitin gene
(OsUBQS) in WT culm tissue. Values refer to means + standard deviations from biologically independent plants (n = 3). n.d,, not detected.
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The second step of the flavonoid biosynthetic pathway is
the conversion of naringenin chalcone to naringenin, which
is catalyzed by CHI (Figure 1). The rice genome encodes
only one CHI protein, namely OsCHI or GOLD HULL AND
INTERNODE1T (LOC_Os03g60509; Hong et al, 2012), which
belongs to the class | CHI family, whose members typically
exhibit bona fide CHI catalytic activities (Figure 2B; Shih
et al, 2008). Previously, OsCHI was demonstrated to catalyze
the conversion of naringenin chalcone to naringenin in vitro
(Hong et al, 2012) as well as complement the lack of flavo-
noid accumulation in the CHI-deficient Arabidopsis tt5 mu-
tant (Shih et al,, 2008). Here, gene expression data indicated
that OsCHI is expressed in the lignifying WT rice culm tis-
sues (Figure 2C), supporting its potential involvement in
tricin-lignin formation.

We further investigated CHIL, which is a class IV CHI pro-
tein family member lacking CHI catalytic activity, but able
to bind and enhance the catalytic activities of flavonoid bio-
synthetic enzymes, particularly CHS (Ban et al, 2018; Ni
et al, 2020; Waki et al, 2020; Zhao et al, 2021). Two puta-
tive CHIL genes, OsCHILT (LOC_QOs11g02440) and OsCHIL2
(LOC_0s12g02370), are encoded by the rice genome
(Figure 2B). Ban et al. (2018) demonstrated that OsCHIL1
and OsCHIL2 similarly enhance OsCHS1 activity in vitro.
Considering their high protein sequence identity (96%) and
their expression in lignifying rice culms (Figure 2C), we rea-
soned that both OsCHILT and OsCHIL2 contribute to the
biosynthesis of tricin for lignification.

Preparation of CHS-, CHI-, and CHIL-deficient
mutant rice

To investigate the in planta functions of the selected rice fla-
vonoid genes, we prepared a set of rice mutant lines harbor-
ing knockout mutations in the selected genes. For OsCHS1,
we used a rice mutant (O. sativa L. spp. japonica cv.
Zhonghua 11) with a T-DNA insertion in the intron of
OsCHS1 (Figure 3A). Plants homozygous for the T-DNA in-
sertion (OsCHS1-TDNA) and their near isogenic WT control
(WT1) were isolated from the self-progenies of heterozy-
gotes available in Rice Mutant Database (Zhang et al,, 2006;
Wang et al, 2020).

Knockout mutants of OsCHI and OsCHIL (O. sativa L. spp.
japonica cv. Nipponbare) were generated by CRISPR/Cas9-
mediated mutagenesis. For OsCHI, a CRISPR/Cas9 binary
vector (Meng et al, 2017) harboring a single-guide RNA
(sgRNA) specific for the second exon of this gene was trans-
formed into rice. A number of T, transformants containing
various insertion and deletion mutations (indels) in the tar-
geted site were identified by direct sequencing (Ma et al,
2015). Consequently, two homozygous OsCHI-CRISPR mu-
tant lines (T, generation) with different mutations (OsCHI-
CRISPR-a and OsCHI-CRISPR-b) were isolated (Figure 3B).
We also generated OsCHILT and OsCHIL2 double-knockout
mutants using a multiplex CRISPR/Cas9 construct (Ma et al,,
2015 Ma and Liu, 2016) harboring two sgRNAs that target
different conserved sequences in OsCHILT and OsCHIL2. As a
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result, two homozygous mutant lines (T, generation) with
different mutations (OsCHIL-CRISPR-a and OsCHIL-CRISPR-b)
were obtained (Figure 3C).

All the OsCHI-CRISPR and OsCHIL-CRISPR mutant plants
(T, and T; generations) used for further chemotyping and
phenotyping studies were fully genotyped and confirmed to
harbor consistent mutations as listed in Figure 3. They were
further confirmed to have no off-target mutations at least
for the top three off-target sites predicted for each sgRNA
(Supplemental Table S1). Multiple sequence alignment sug-
gested that the indels in the mutant lines resulted in frame-
shift mutations, leading to truncated nonfunctional proteins,
whereas potential illegitimate translations initiated from in-
frame start codons were unlikely to produce functional pro-
teins (Supplemental Figures S1 and S2). Loss-of-function
mutations were therefore expected for all OsCHI- and
OsCHIL-CRISPR mutants.

Phenotypes of CHS-, CHI-, and CHIL-deficient
mutant rice

For phenotypic analyses, fully genotyped homozygous
OsCHS1-TDNA  (cv. Zhonghua 11), OsCHI-CRISPR-a (cv.
Nipponbare), and OsCHIL-CRISPR-a (cv. Nipponbare) plants
(T5 generations) were cultivated side-by-side with their cor-
responding WT controls, namely WT1 (cv. Zhonghua 11)
and WT2 (cv. Nipponbare), under controlled conditions
(Figure 3D). The OsCHS1-TDNA plants were phenotypically
similar to WT1 plants, with the exception of a slightly
shorter culm and a lack of seeds (Table 1), which is consis-
tent with a previously reported sterility phenotype (Wang
et al, 2020). The growth characteristics of the OsCHI-
CRISPR-a and OsCHIL-CRISPR-a plant were similar to those
of WT?2, although OsCHI-CRISPR-a plants had slightly longer
ears, OsCHIL-CRISPR-a plants were slightly shorter, and both
mutant lines had a slightly lower fertility rate (Table 1). The
culms and hulls of the OsCHI-CRISPR-a plants were yellowish
(Supplemental Figure S3), which is consistent with the previ-
ously reported phenotype of other OsCHI-deficient mutants
(Hong et al., 2012; Hirano et al, 2017). The observed colora-
tion may be the result of an unusual accumulation of narin-
genin chalcone as further discussed below. In contrast, there
were no observable color changes in the OsCHS1-TDNA and
OsCHIL-CRISPR-a plant tissues. Overall, our data indicate
that disrupting any of the targeted CHS, CHI, and CHIL genes
does not drastically impair rice vegetative growth, although
CHS-deficiency leads to complete sterility.

Soluble flavonoid metabolites in CHS-, CHI-, and
CHIL-deficient mutant rice

To determine the effects of CHS, CHI, and CHIL genetic
mutations on the biosynthesis of soluble flavonoids, metabo-
lites extracted from the leaves of the mutant and WT seed-
lings were analyzed by liquid chromatography-tandem mass
spectrometry (LC-MS/MS). For this analysis, leaves were
used because various soluble flavonoids are accumulated
at relatively higher concentrations than in other major
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A T-DNA D
870
5 [ { [ 13
exon 1 exon 2 OsCHS1
(179-366) (2021-3460)
B
exon 1 exon 2 exon 3 /( = i
(83-439) (515-739) (820-1128) Y .
5' — — [ 13 - —
561 | 584 WT1 OsCHS1-TDNA
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OsCHIL-CRISPR-a GGAGGGCATCCCATTTCACTCAGG. .. (249bp) .. .GAGGAGCTTGTGCAGGATTGATGG +2
OsCHIL-CRISPR-b GGAGGGCATCCCATTT--CTCAGG. .. (249bp) . . .GAGGAGCTTGTGCAGGA-~GATGGE -2
exon 1 exon 2 exon 3 exon 4
(494-573) (677-836) (1111-1338) (1447-1609)
5 — | ] 3'
509 790 OsCHIL2
E
WT GGAGGGCATCCCATTTC-CTCAGG. . . (256bp) . . . GAGGAGCTTGTGCAGGA-TGATGG ; / | I _l
OsCHIL-CRISPR-a GGAGGGCATCCCATTTCTCTCAGG. .. (256bp) .. .GAGGAGCTTGTGCAGGAATGATGE +2 OsCHI-CRISPR-a OSCHIL CISPR a
OsCHIL-CRISPR-b  GGAGGGUATCCCATT T - == === == === oo e e oo TGATGG —279 :

(cv. Nipponbare)  (cv. Nipponbare)

Figure 3 CHS-, CHI-, and CHIL-deficient rice mutant lines used in this study. A-C, Gene structures and mutation patterns in OsCHST-TDNA (A),
OsCHI-CRISPR (B) and OsCHIL-CRISPR (C) mutant lines. In red, deletion or insertion. Bold, protospacer adjacent motif site. D, Phenotype of
OsCHS1-TDNA, OsCHI-CRISPR-a, and OsCHIL-CRISPR-a mutant lines and their WT control lines, WT1 and WT2. Scale bars denote 10 cm.
OsCHS1-TDNA, OsCHS1 knockout line (cv. Zhonghua 11); OsCHI-CRISPR-a and OsCHI-CRISPR-b, OsCHI knockout line (cv. Nipponbare); OsCHIL-
CRISPR-a and OsCHIL-CRISPR-b, OsCHIL1 and OsCHIL2 double-knockout line (cv. Nipponbare).

Table 1 Growth phenotypes of OsCHS-TDNA, OsCHI-CRISPR-a, and OsCHIL-CRISPR-a and their isogenic wild-types

Growth phenotypes WT1 OsCHS1-TDNA WT2 OsCHI-CRISPR-a OsCHIL-CRISPR-a
(cv. Zhonghua 11) (cv. Zhonghua 11) (cv. Nipponbare) (cv. Nipponbare) (cv. Nipponbare)

Plant height (cm)? 115.1£6.4 106.2+8.3 89.2+6.2 84.6+7.6 80.7+4.8

Culm length (cm)® 88.7+26 773+51" 563+7.9 55.7+6.1 640+82

Ear length (cm) 22.7+£15 20.7+1.8 182+20 209+1.4 193+15

Tiller number 8.4+£3.0 10.1+3.1 62+26 52+0.8 63£1.0

Ear number 11.0+£1.7 14.4+6.0 10.7 £4.5 8.6+1.1 10.5+25

Fertility rate (%) 70.9+18.5° 00+0.0"° 855+ 1.6 63.1+113" 752+33"

*Values refer to means+standard deviations from biologically independent plants. Asterisks indicate significant differences between mutant line and wild type (Student’s
ttest, n =5,

*P < 0.05,

P < 0.01).

“Length between the base of aerial part and the tip of top leaf.

PLength between the base of aerial part and the base of panicle.

“Data retrieved from Wang et al. (2020).

vegetative tissues of rice seedings (Lam et al, 2019a). As Compared with the corresponding levels in the WT
reported earlier (Lam et al, 2019a), various flavones, such as  plants, flavone and flavone C-glycoside contents in the
apigenin, luteolin, chrysoeriol, and tricin, and flavone C-gly-  OsCHS1-TDNA plants decreased by >81%. Likewise, the
cosides, including vitexin, isovitexin, orientin, and isoorientin,  contents of most flavonoids in OsCHI-CRISPR-a and OsCHI-
were detected in the WT control plants (Figure 4). CRISPR-b plants decreased by >79%, relative to the WT
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Figure 4 Soluble flavonoid metabolites in CHS-, CHI-, and CHIL-deficient rice mutant lines. LC-MS/MS analysis of methanol extracts from leaf tis-
sues of rice seedlings was performed for determination of relative accumulation levels of soluble naringenin chalcone, flavones (apigenin, luteolin,
chrysoeriol, and tricin), and flavone C-glycosides (vitexin, isovitexin, orientin, and isoorientin). Values refer to means + standard deviations from bi-
ologically independent plants. Asterisks indicate significant differences between mutant line and its isogenic WT (Student’s t test, n =3,
*P < 0.05, **P < 0.01). OsCHS1-TDNA, OsCHS1 knockout line (cv. Zhonghua 11); OsCHI-CRISPR-a and OsCHI-CRISPR-b, OsCHI knockout line (cv.
Nipponbare); OsCHIL-CRISPR-a and OsCHIL-CRISPR-b, OsCHIL1 and OsCHIL2 double-knockout line (cv. Nipponbare); WT1 and WT2, WT control

lines (WT1, cv. Zhonghua 11; WT2, cv. Nipponbare).

control levels. The exception was vitexin, which was, inter-
estingly, more abundant in both mutant lines than in WT2
(Figure 4). Additionally, naringenin chalcone, the CHI sub-
strate (Figure 1), accumulated substantially in the OsCHI-
CRISPR-a and OsCHI-CRISPR-b plants, whereas it was barely
detectable in the WT control and other mutant lines
(Figure 4). Because naringenin chalcone is a yellow pigment
(Forkmann and Kuhn, 1979), its elevated accumulation in
the OsCHI-CRISPR plants is consistent with the yellowish
coloration of the mutant’s tissues (Supplemental Figure S3).
Collectively, these results demonstrate that OsCHS1 and
OsCHI are, respectively, the predominant CHS and CHI respon-
sible for the biosynthesis of the major soluble flavones in rice.
Similar to the OsCHST-TDNA and the OsCHI-CRISPR lines,
the examined flavone and flavone C-glycoside contents were
much lower in the OsCHIL-CRISPR lines than in the WT
plants, demonstrating that, together with OsCHS1 and
OsCHI, the rice CHILs (OsCHIL1 and/or OsCHIL2) play key
roles in the biosynthesis of the soluble flavones in rice.
Meanwhile, similar to the OsCHST-TDNA line but in contrast

to the OsCHI-CRISPR lines, the OsCHIL-CRISPR lines did not
accumulate naringenin chalcone. These findings are in agree-
ment with the notion that CHIL serves as a noncatalytic en-
hancer of CHS, but not of CHI (Ban et al, 2018; Ni et al,
2020; Waki et al, 2020; Zhao et al, 2021). This possibility
was further corroborated by analyzing the CHI catalytic ac-
tivities of the crude protein extracts from OsCHIL-CRISPR
mutant seedlings, which revealed that the activities were
similar to that of the WT control (Supplemental Figure S4).
Because CHIL was reported to bind CHS and enhance the
production of naringenin chalcone primarily by inhibiting
the formation of 4-coumaroyltriacetic acid lactone (CTAL), a
derailment product of the CHS-catalyzed reaction (Waki
et al, 2020), we also examined whether the OsCHIL-CRISPR
lines over-accumulate CTAL. Our LC-MS/MS analysis, how-
ever, failed to detect any CTAL in either of the OsCHIL-
CRISPR mutant lines or in the WT control. This result
indicates low accumulation levels of CTAL even in the ab-
sence of CHIL activity, possibly due to its low stability and/
or further metabolic conversion in planta.
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Cell wall formation in CHS-, CHI-, and CHIL-deficient
mutant rice

To investigate the effects of CHS, CHI, and CHIL mutations
on cell wall formation, especially the deposition of tricin-
lignin, cell wall samples prepared from culm tissues of the
mutant (OsCHS7-TDNA, OsCHI-CRISPR-a, and OsCHIL-
CRISPR-a) and WT control (WT1 and WT2) plants were
subjected to comparative structural analyses based on histo-
chemistry, wet chemistry, and 2D nuclear magnetic reso-
nance (NMR). Culm tissues of mature rice plants were used
for these cell wall and lignin analyses as well as the sacchari-
fication assay described below as they are rich in lignified
secondary cell walls and represent rice biomass used for lig-
nocellulosic utilization.

Histochemistry

Transverse sections of culm tissues collected at the heading
stage were treated with phloroglucinol-HCl and vanillin—
HCl, which respectively stain lignin cinnamaldehyde end
groups and cell wall-bound flavonoids (Lam et al, 2017),

WT1 OsCHS1-TDNA
(cv. Zhonghua 11)

(cv. Zhonghua 11)

Outer culm

Phloroglucinol-HCI

Inner culm

Outer culm

Vanillin-HCI

Inner culm

(cv. Nipponbare)

Lam et al.

and then subjected to microscopic examinations. There
were no obvious morphological changes to the vascular tis-
sues in any of the mutants. The secondary cell walls of the
vascular bundles and cortical sclerenchyma fibers in the mu-
tant and WT culms were positively stained with the phloro-
glucinol-HCI lignin stain (Figure 5). The lignified secondary
cell walls of the WT control were also yellowish following
the vanillin-HCI flavonoid staining, suggestive of a normal
accumulation of cell wall-bound flavonoids, presumably
tricin-lignin (Figure 5). In contrast, flavonoid signals were
undetectable or relatively weak in the cell walls of the
OsCHST-TDNA and OsCHIL-CRISPR-a plants, reflecting a
considerable depletion of cell wall-bound flavonoids, pre-
sumably tricin-lignin (Figure 5). Regarding the cell walls of
the OsCHI-CRISPR plants, decreased yellow staining was
detected in the inner culm vascular bundles, but apparently
not in the outer culm cortical fibers (Figure 5). However, in
the OsCHI-CRISPR plants, yellowish cortical fiber cell walls
were observed even before vanillin-HCI was applied
(Supplemental Figure S3). Therefore, histochemical analysis

WT2 OsCHI-CRISPR-a
(cv. Nipponbare)

OsCHIL-CRISPR-a
(cv. Nipponbare)

Figure 5 Lignin and flavonoid depositions in the cell walls of CHS-, CHI-, and CHIL-deficient rice mutant lines. Transverse sections of culm tissues
were subjected to phloroglucinol-HClI staining and vanillin-HCl staining, which stain monolignol-derived lignins and cell wall-bound flavonoids,
respectively. Scale bars denote 40 pum. OsCHS1-TDNA, OsCHS1 knockout line (cv. Zhonghua 11); OsCHI-CRISPR-a, OsCHI knockout line (cv.
Nipponbare); OsCHIL-CRISPR-a, OsCHILT and OsCHIL2 double-knockout line (cv. Nipponbare).
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did not enable a conclusive evaluation of the accumulation
of cell wall-bound flavonoids in this particular mutant line.
As discussed above, the yellowish coloration of the OsCHI-
CRISPR tissues may have been due to the abnormal accu-
mulation of chalcone pigments (Figure 4).

Wet chemistry

To further investigate the cell wall structures of the rice
mutants, extractive-free cell wall residue (CWR) samples pre-
pared from senesced mature culms of the mutant and WT
control plants were subjected to a series of wet chemical
analyses.

The Klason lignin assay results indicated that the lignin
content did not change significantly in the OsCHST-TDNA
cell walls compared with that in the WT control cell walls
(Table 2). On the other hand, the lignin contents of the
OsCHI-CRISPR-a and OsCHIL-CRISPR-a cell walls decreased
by 33.6% and increased by 12.6%, respectively, compared
with the WT cell walls. To further examine these differential
changes in lignin content, we also determined Klason lignin
contents of the additional OsCHI- and OsCHIL-CRISPR mu-
tant lines, that is, OsCHI-CRISPR-b and OsCHIL-CRISPR-b,
harboring different mutation types (Figure 3). As a result, al-
though we observed the same tendencies of lignin content
changes for both of the mutant lines, that is, 7.0% decrease
for OsCHI-CRISPR-b and 4.6% increase for OsCHIL-CRISPR-b
on average; we did not detect any statistical significance for
either of the two mutant lines (Supplemental Table S2). At
this time, we cannot entirely exclude the possibility that the
lignin content changes observed for the OsCHI-CRISPR and
OsCHIL-CRISPR mutant lines may not be directly attributed
to the malfunctions of the OsCHI- and OsCHIL genes.

Analytical thioacidolysis, which quantifies lignin-derived
monomeric degradation products released via cleavage of
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the major B-O-4 linkages in lignin polymers (Lapierre et al,
1986), was performed. The total yields of the thioacidolysis-
derived S, G, and H monomers were unchanged in OsCHS1-
TDNA, but significantly decreased and increased in OsCHI-
CRISPR-a and OsCHIL-CRISPR-a, respectively. This result was
overall in line with the lignin content changes as determined
by the Klason lignin assay (Table 2). The thioacidolysis-
derived S/G monomer ratio significantly decreased in the
OsCHIL-CRISPR cell walls, but not in the OsCHS7-TDNA and
OsCHI-CRISPR cell walls, relative to the WT ratios (Table 2).
The neutral sugar analysis suggested there were no drastic
changes in the composition of the major cell wall polysac-
charides in the OsCHST-TDNA plants, whereas a slight de-
crease in crystalline glucan contents and an increase in xylan
contents were detected in the OsCHI-CRISPR cell walls, and
a slight reduction in mannan was detected in the OsCHIL-
CRISPR cell walls (Supplemental Table S3). Furthermore, cell
wall-bound pCA and FA were quantified according to the
corresponding free acids released by a mild alkaline hydroly-
sis. Overall, we detected no significant change in the cell
wall-bound pCA and FA levels between the mutant and WT
plants (Table 2). Taken together, our chemical analysis indi-
cates that OsCHS1, OsCHI, and OsCHIL mutations differen-
tially affect lignin contents and structures as well as the
composition of cell wall polysaccharides in rice cell walls,
but they minimally affect p-hydroxycinnamates.

2D NMR

For a more in-depth characterization of lignin polymers, we
performed 2D 'H-"C correlation heteronuclear single quan-
tum coherence (HSQC) NMR analysis of lignin-enriched
CWR samples prepared from culm CWRs by removing a
large proportion of cell wall polysaccharides using crude cel-
lulases (Kim and Ralph, 2010; Mansfield et al., 2012).

Table 2 Cell wall chemical analyses and enzymatic saccharification assay of OsCHS1-TDNA, OsCHI-CRISPR-a, and OsCHIL-CRISPR-a and their iso-

genic wild-types

Cell wall chemotypes WT1
(cv. Zhonghua 11)

OsCHS1-TDNA WT2
(cv. Zhonghua 11)

OsCHI-CRISPR-a
(cv. Nipponbare)

OsCHIL-CRISPR-a

(cv. Nipponbare) (cv. Nipponbare)

Lignin content

Klason lignin (mg/g CWR) 152.0+55 1377493 1204+63 80.0+109" 1356455
Lignin composition by thioacidolysis
Total monomer yield (umol/g CWR) 157.9+9.7 161.2+14.3 67.2+0.2 56.4+38 81.0£3.5
S/(S + G + H) (mol%) 357427 347424 43.0£1.0 42.8+04 352406
G/(S + G + H) (mol%) 59.9+3.0 62.7+22 526+0.7 543404 605+06
H/(S + G + H) (mol%) 4404 27+03" 44+03 294017 43400
SIG 0.6+0.1 0.6+0.1 0.8+0.0 0.8+0.0 06+00"
Cell wall-bound hydroxycinnamates
pCA (mg/g CWR) 258+0.6 256+16 215+35 15.0£29 243+12
FA (mg/g CWR) 3.6+0.2 33+03 26+0.2 2.1+0.1 2.7+0.1
Enzymatic saccharification efficiency
Glc released after 6 h (mg/g CWR) 198.0+14.8 2089+3.4 2263+18.7 202.1+21.2 266.8+47.1
Glc released after 24 h (mg/g CWR) 211.9+115 219.0+3.8 239.3+16.4 210.4+19.3 275.8+39.7
Glc released after 6 h (g/g glucan) 464.8+33.4 475.6+9.3 552.8+42.0 531.5+43.3 623.8+116.0
Glc released after 24 h (g/g glucan) 496.3£24.6 498.6+13.1 584.7+39.8 553.5+36.4 644.7£98.7

Values refer to means =+ standard deviations from biologically independent plants. Asterisks indicate significant differences between mutant line and its isogenic wild type

(Student’s t test, n = 3,
*P < 0.05,
**p < 0.01).
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Figure 6 Aromatic sub-regions of 2D HSQC NMR spectra of lignin-enriched CWRs of OsCHS1-TDNA, OsCHI-CRISPR-a, and OsCHIL-CRISPR-a and
their isogenic wild-types. Volume integrals in the spectra refer to percentage of sum of S and G aromatic units. Boxes labeled by x 2 represent
regions with scales enlarged by two-fold. Colors of the contours match those of the lignin substructures shown. OsCHS1-TDNA, OsCHS1 knockout
line (cv. Zhonghua 11); OsCHI-CRISPR-a, OsCHI knockout line (cv. Nipponbare).

The aromatic sub-regions of the HSQC spectra of all ex-
amined rice samples showed intense aromatic signals from
typical S (S) and G (G) lignin units (Figure 6). In line with
the thioacidolysis-derived S/G monomer ratio data
(Table 2), volume integration of the well-resolved
C2/6-H2/6 aromatic signals indicated that the S/G lignin
signal ratio (1/5S,6/G,) decreased in the OsCHIL-CRISPR cell
walls, but was unchanged in the OsCHST-TDNA and OsCHI-
CRISPR cell walls, relative to that of the corresponding WT
control (Figure 6).

The aromatic sub-regions of the HSQC spectra further re-
solved a set of flavonoid signals from tricin-lignin present in

rice cell walls. In the WT1 and WT?2 spectra, diagnostic sig-
nals from lignin-integrated tricin units (T3, Te, Tg, and Tyg;
del Rio et al, 2012; Lan et al, 2015; Lam et al, 2017) were
clearly detected (Figure 6). Volume integrations of tricin
C2'/6'-H2'/6’ signals (1/Ty,¢) accounted for 17% and 13%
of the S and G total (G, + 14S,,5 = 100%) in the spectra of
the WT1 and WT2 cell walls, respectively. In contrast, these
tricin signals decreased to undetectable levels in the spectra
of the OsCHST-TDNA and OsCHI-CRISPR cell walls. These
results established that OsCHS1 and OsCHI are indispens-
able for the production of tricin serving as lignin monomers
in rice cell walls. The tricin signals were also substantially
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decreased, to <1% (of the G and S total), demonstrating
that, along with OsCHS1 and OsCHI, OsCHILs (OsCHIL1
and OsCHIL2) play key roles in the tricin-lignin biosynthesis.
Nevertheless, the fact that these tricin signals were still de-
tectable in the spectrum of the OsCHIL-CRISPR cell walls
suggested that, unlike OsCHS1 and OsCHI, OsCHILs may
not be absolutely essential for the production of tricin
monomers for lignification. We also examined the possible
incorporation of alternative flavonoids and chalcones into
the mutants’ lignins, including naringenin chalcone in the
OsCHI-CRISPR lignins, based on NMR data of several flavo-
noid and chalcone standards (Rencoret et al, 2021a, 2021b).
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However, our NMR analysis failed to detect the incorpora-
tion of any alternative flavonoids or chalcones in our
mutants’ lignins.

The oxygenated-aliphatic sub-regions of the HSQC spectra
provided further insights into the distribution of various
inter-monomeric linkage types in lignin polymers. Typical
lignin side-chain signals from B-O-4 (1), B-5 (), and
tetrahydrofuran-type B—p (III') units (Lu and Ralph, 2002,
2008) were detected in all examined rice cell wall spectra
(Figure 7); only trace amounts of resinol-type B— (Ill) units
derived from nonacylated monolignols were detected, which
is in accordance with our previous observations that rice
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Figure 7 Aliphatic sub-regions of 2D HSQC NMR spectra of lignin-enriched CWRs of OsCHS7-TDNA, OsCHI-CRISPR-a, and OsCHIL-CRISPR-a and
their isogenic wild types. Volume integrals in the spectra refer to percentage of sum of I, Il, and Il inter-monomeric units. Boxes labeled by x 2
and X 4 represent regions with scales enlarged by two- and four-fold, respectively. Colors of the contours match those of the lignin substructures
shown. OsCHS1-TDNA, OsCHS1 knockout line (cv. Zhonghua 11); OsCHI-CRISPR-a, OsCHI knockout line (cv. Nipponbare).
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cell wall lignins are highly y-p-coumaroylated (Takeda et al,
2018). Volume integration using the well-resolved Co—Ho
correlations suggested that B-O-4 () is the predominant
linkage type, accounting for 84%-92% of the total major lig-
nin linkage signals detected (I, + M, + A1, = 100%) in
all WT and mutant cell wall spectra (Figure 7). Our NMR
analysis determined that the major lignin linkage types were
similarly distributed among WT2, OsCHI-CRISPR, and
OsCHIL-CRISPR, whereas the B-O-4 and [-5 linkages were
slightly less and more abundant, respectively, in OsCHS1-
TDNA than in the WT1 control. Overall, it is likely that
mutations in OsCHS1, OsCHI, and OsCHIL genes do not dras-
tically affect the distribution of the major inter-monomeric
linkage types in lignin polymers, although they substantially
influence tricin-lignin formation and the S/G aromatic unit
ratio, especially the OsCHIL mutations.

Cell wall digestibility of CHS-, CHI-, and
CHIL-deficient mutant rice

We previously observed considerable increases in the cell
wall saccharification efficiency of several tricin-depleted rice
mutants (Lam et al, 2017, 2019a, 2019b), which prompted
us to investigate the cell wall saccharification of the tricin-
depleted OsCHST1-, OsCHI-, and OsCHIL-deficient rice
mutants prepared in this study. Destarched culm CWR sam-
ples from the mutant and WT plants were digested by a
cocktail of cellulolytic enzymes (Hattori et al, 2012), after
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which the released glucose (Glc) was monitored (Table 2).
Consequently, none of the mutants, even the OsCHI-CRISPR
lines with significantly decreased lignin contents, exhibited
any significant enhancement in the enzymatic saccharifica-
tion efficiency expressed either as Glc released per mass of
CWR or as Glc released per total glucan (Table 2). As further
discussed below, these results sharply contrasted with our
previous observations regarding other tricin-depleted rice
mutant and transgenic plants (Figure 8 Lam et al, 2017,
2019a, 2019b).

Discussion

OsCHS1, OsCHI, and OsCHILs play key roles in the
biosynthesis of extractable flavones and tricin-lignin
in rice

Examination of the OsCHST-TDNA and OsCHI-CRISPR
mutants revealed considerable decreases in the abundance
of the major extractable flavones in seedling leaves
(Figure 4) and a complete lack of tricin-lignin in the mature
culm cell walls (Figure 6); trace amounts of soluble flavonoid
metabolites can still be detected in OsCHST-TDNA mutant
(Figure 4), which might be because the T-DNA insertion in
the intron could not completely disrupt the transcription of
OsCHS1 (Wang, 2008). Additionally, naringenin chalcone, the
CHI substrate (Figure 1), over-accumulated in the leaves of
the OsCHI-CRISPR seedlings (Figure 4). These observations
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Figure 8 Correlation analyses between changes in enzymatic saccharification efficiency and lignin content/composition of tricin-depleted grass
mutant and transgenic plants. A, Correlation analysis between change in enzymatic saccharification efficiency (24-h digestion; without pretreat-
ment) and change in lignin content. Lignin content was determined by Klason lignin assays (filled data points) or thioglycolic acid assay (empty
data point). B, Correlation analysis between change in enzymatic saccharification efficiency (24-h digestion; without pretreatment) and change in
S/G ratio. S/G ratio was determined by thioacidolysis. Data of rice osfnsll (Lam et al., 2017), osa3’h/c5'h (Lam et al,, 2019a, 2019b), OsCAIdOMT1-
TDNA and OsCAIdOMT1-TDNA (Lam et al., 20193, 2019b), and maize C2-Idf (Eloy et al.,, 2017) were retrieved from the literature. The percentages
relative to control plants were calculated by dividing the value of the mutant or transgenic plant by that of the corresponding control plant.
Equations and R” values of the best fit lines are shown. Species names, cultivars, plant line names, and tissues used for analysis are indicated.
Circles: rice. Squares: maize. Data points of the mutants are labeled with different colors according to the gene mutated.
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indicate that OsCHS1 and OsCHI are, respectively, the major
source of the CHS and CHI activities for the entry to the
conserved flavonoid biosynthetic pathway in rice. As recently
reported, the OsCHS1-TDNA plants were completely infertile
(Table 1), which may be explained by the loss of specific fla-
vonoids associated with pollen tube development (Wang
et al, 2020). In contrast, the OsCHI-CRISPR plants were still
fertile, albeit with a slightly decreased fertility rate (Table 1),
possibly because these plants were still able to produce suffi-
cient residual flavonoids for pollen tube development via the
spontaneous isomerization of naringenin chalcone to narin-
genin in the absence of CHI activity (Mol et al., 1985).

Furthermore, this study demonstrated that CHIL, a nonca-
talytic enhancer crucial for flavonoid biosynthesis, is dedi-
cated to the production of extractable flavones as well as
tricin-lignin in rice cell walls. Recent biochemical studies sug-
gested that CHIL (class IV CHI) lacks CHI activities because
of the absence of the conserved catalytic amino acid resi-
dues in class | CHI (Ban et al, 2018; Cheng et al, 2018).
Instead, CHIL binds to CHS and rectify its promiscuous ca-
talysis, thereby substantially promoting the CHS activities for
naringenin chalcone production (Ban et al, 2018; Ni et al,
2020; Waki et al,, 2020; Zhao et al, 2021). The dramatic de-
crease in the accumulation of extractable flavones (Figure 4)
and cell wall tricin-lignin (Figure 6) in the mutants reflected
the importance of OsCHILs (OsCHIL1 and OsCHIL2) for fla-
vone biosynthesis in rice. Nevertheless, it is likely that they
are not indispensable, at least for supplying tricin monomers
for lignification, as detectable amounts of tricin are still pre-
sent in the mutant cell walls (Figure 6). This was in contrast
to the OsCHST-TDNA and OsCHI-CRISPR mutants, which
produced cell walls with no detectable tricin-lignin
(Figure 6). The observed lack of changes in the crude CHI
activity (Supplemental Figure S4) or abnormal accumulation
of naringenin chalcone (Figure 4; Supplemental Figure S3) in
the OsCHIL-CRISPR plants are in line with the notion that
CHIL promotes flavonoid biosynthesis primarily by affecting
the catalytic activity of CHS rather than CHI (Ban et al,
2018; Ni et al., 2020; Waki et al,, 2020; Zhao et al,, 2021).

Overall, this study further characterized the key components
of the flavonoid biosynthetic pathway in rice essential for the
production of various flavone-derived metabolites, including
tricin-lignin (Figure 1). As CHS, CHI, and CHIL sequences and
functions are highly conserved among diverse plant species,
including grasses (Shih et al. 2008; Dixon and Pasinetti, 2010;
Waki et al, 2020), they represent viable bioengineering targets,
along with the downstream pathway enzymes, such as FNSII
(Lam et al, 2017), A3H/C5'H (Lam et al, 2019a), and
CAIdOMT (Kim et al, 2006; Lam et al,, 2019b), for manipulat-
ing the production of tricin-type metabolites, including tricin-
lignin, in various grass food and biomass crops.

Differentially altered lignin profiles in CHS-, CHI-, and
CHIL-deficient mutant rice cell walls

Mutations in genes encoding monolignol biosynthetic
enzymes often result in the incorporation of pathway
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intermediates or their derivatives into cell wall lignins as
noncanonical monomers, indicating the flexibility of lignifica-
tion regarding which phenolic compounds can serve as lig-
nin monomers in planta (Vanholme et al, 2019). Previously,
we demonstrated that deficiencies in the tricin biosynthetic
enzymes, that is, FNSII (Lam et al, 2017) and apigenin 3'-hy-
droxylase/chrysoeriol 5'-hydroxylase (A3'H/C5'H; Lam et al,
2019a), resulted in the incorporation of the pathway inter-
mediates, that is, naringenin and apigenin, respectively
(Figure 1), into lignin polymers instead of the canonical tri-
cin monomer in rice. However, it is unlikely that such incor-
porations of noncanonical flavonoid monomers into lignins
occur in the three tricin-depleted rice mutant lines tested in
this study. Although the OsCHI-CRISPR plants had highly el-
evated levels of extractable naringenin chalcone (Figure 4),
2D NMR analysis failed to detect any aromatic signals that
support the incorporation of naringenin chalcone or any
other flavonoids into the lignin polymers (Figure 6).
Likewise, incorporation of noncanonical lignin monomers
was not detected in the OsCHS7-TDNA and OsCHIL-CRISPR
mutant plants (Figure 6). We recently determined that rice
mutant and downregulation line of OsCAIdOMT1 do not in-
corporate selgin, the CAIdOMT substrate in the tricin path-
way (Figure 1), into cell wall lignins (Lam et al, 2019b),
although the extractable selgin content increases consider-
ably (Lam et al, 2015). It is unclear why some of the tricin
pathway intermediates, such as naringenin (Lam et al,, 2017)
and apigenin (Lam et al, 2019a), are readily incorporated
into lignin polymers in rice, but other intermediates, includ-
ing selgin (Lam et al, 2019b) and naringenin chalcone (this
study), are not. It is conceivable that these lignification-
incompatible flavonoids might fail to meet at least one of
the following criteria: sufficient production in lignifying tis-
sues, proper localization in lignifying cell walls, and/or
biochemical compatibility for the dehydrogenative polymeri-
zation in cell walls (Vanholme et al, 2019). At least for nar-
ingenin chalcone, however, a very recent study reported its
incorporation into the rind lignin of papyrus (Cyperus papy-
rus L.), demonstrating its compatibility in lignin polymeriza-
tion in planta (Rencoret et al, 2021b). Furthermore, a
number of alternative flavonoids, such as dihydrotricin, nar-
ingenin, apigenin, kaempferol, and/or amentoflavone, were
recently implicated as natural lignin monomers participating
in lignification of papyrus (Rencoret et al, 2021b) and also
several ancestral vascular plants (Rencoret et al, 2021a).
These data suggest that not only tricin but also other flavo-
noids in general, at least those bearing reactive phenolic hy-
droxyl groups in the B-ring, are compatible in lignin
polymerization in planta.

In addition to the depletion of lignin-integrated tricin
units, there were notable changes to the content and com-
position of the monolignol-derived lignin polymer units in
the rice mutants. The total lignin content in the culm cell
walls showed tendencies to decrease in the OsCHI-CRISPR
mutants, but conversely increase in the OsCHIL-CRISPR mu-
tant, whereas no significant change was detected in the
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OsCHS1-TDNA mutant (Table 2; Supplemental Table S2). In
addition, both thioacidolysis and 2D NMR analyses consis-
tently indicated that the S/G lignin unit ratio decreased
significantly in the OsCHIL-CRISPR plants, whereas no signifi-
cant changes were detected in the other two mutant lines
(Table 2; Figure 6). Moreover, it was also apparent that the
proportion of B-O-4 (1) linkages decreased compared with
the other lignin inter-monomeric linkage types particularly
in the OsCHS1-TDNA cell walls (Figure 7).

Earlier studies on other tricin-depleted grass mutant and
transgenic plants further emphasize the complexity in the
effects of tricin pathway perturbations on monolignol bio-
synthesis (Lam et al,, 2017). The FNSII-deficient (osfnsll; Lam
et al, 2017), A3'H/C5'H-deficient (osa3’h/c5'h; Lam et al,
2019a), and CAIdOMT-deficient (OsCAIdOMT1-TDNA and
OsCAIdOMT1-RNAi; Lam et al, 2019b) rice plants all have
considerably decreased lignin levels (including monolignol-
derived units; Figure 8A). All these rice plants also produced
lignins with significantly decreased S/G unit ratios
(Figure 8B); the decreased S/G ratio in OsCAIdOMT1-TDNA
and OsCAIdOMT1-RNAi could be primarily because
CAIdOMT is a bifunctional enzyme required for both tricin
and S lignin biosynthesis (Lam et al, 2019b). On the other
hand, CHS-downregulated maize C2-Idf mutant reportedly
has a highly elevated lignin level with no significant change
in the S/G unit composition in the leaves, but no notable
lignin changes in the stem (Eloy et al, 2017). The elevated
lignin content in the C2-Idf leaves is likely at least partially a
consequence of the redirection of the carbon flux toward
the monolignol pathway following the blockage of the entry
of the branching flavonoid pathway (Figure 1; Eloy et al,
2017). However, this scenario is inconsistent with the ab-
sence of lignin content changes in the C2-Idf stems (Eloy
et al, 2017) as well as in our rice OsCHS1-TDNA mutant
culms (Table 2). Overall, it is likely that blockages at differ-
ent positions of the tricin pathway have diverse effects on
the carbon relocation to the parallel monolignol pathways
leading to different monolignol types. Such carbon allocation
between and within the flavonoid and monolignol pathways
can vary between plant species and among tissues and cell
types. In addition, cell wall alterations observed in our rice
mutant and transgenic lines could be potentially affected by
variations in genetic backgrounds. Clearly, the flavonoid-
and lignin-associated grass mutants and transgenic plants
will need to be more comprehensively investigated to re-
solve these issues.

Complex relationships between altered lignin
profiles and the cell wall digestibility of
tricin-depleted grass mutants

The identification of tricin-lignin as a common component
of grass cell walls compelled researchers to examine whether
tricin-lignin influences the utility of grass biomass (Halpin,
2019; del Rio et al, 2020; Lam et al, 2021). In this context,
earlier investigations (Eloy et al, 2017, Lam et al, 2017,
2019a), as well as this study (Table 2) assessed the efficiency

Lam et al.

of cell wall saccharification, which is a key step during the
production of fermentable sugars from lignocellulose, in vari-
ous tricin-depleted grass mutants with different mutated
genes associated with the tricin biosynthetic pathway.
Notably, the cell wall saccharification in several rice mutant
and transgenic lines, including osfnsll (Lam et al, 2017),
osa3’h/c5’h (Lam et al, 2019a), OsCAIJOMT1-TDNA and
OsCAIdOMT1-RNAI (Lam et al, 2019b), has been found to
be considerably better than that in the corresponding
control plants (Figure 8). However, other tricin-depleted
mutants, exhibited no significant improvement in their sac-
charification performance, including the OsCHST-TDNA,
OsCHI-CRISPR, and OsCHIL-CRISPR rice mutants analyzed in
this study. In fact, the saccharification performance report-
edly decreased in the leaves of the maize C2-ldf mutant
(Eloy et al, 2017). Overall, it is likely that the direct effects
of tricin-lignin on the enzymatic hydrolysis of cell walls are
minimal. Instead, as noted for some of the previously char-
acterized rice (Lam et al, 2017, 2019a, 2019b) and maize
(Eloy et al., 2017) mutants, other lignin factors, especially the
total lignin content (including tricin-lignin as well as the ma-
jor monolignol-derived units), may be the major determi-
nants for the notable enhancement (Lam et al,, 2017, 20193,
2019b) or deterioration (Eloy et al, 2017) of the cell wall
saccharification in tricin-depleted mutants. Indeed, there are
weak negative relationships between cell wall saccharifica-
tion efficiency and changes in the total lignin content
(Figure 8A) as well as the S/G lignin unit ratio (Figure 8B)
among the examined tricin-depleted grass mutant and
transgenic plants. Similar relationships between the lignin
structural profiles and cell wall saccharification efficiency
have been reported for other biomass samples (Chen and
Dixon, 2007; Li et al, 2016). Nevertheless, the OsCHS1-
TDNA, OsCHI-CRISPR, and OsCHIL-CRISPR rice mutants eval-
uated in this study had no significant changes in their sac-
charification performances, even with significantly altered
lignin content and/or composition (Table 2 and Figure 8).
Accordingly, these lignin factors are unlikely to be the only
determinants of the cell wall digestibility of the tricin-
depleted grass plants. In general, altered lignin profiles affect
cell wall digestibility because of the associated changes in
the supramolecular organization of lignocellulose (e.g. sur-
face coverage and molecular assembly of cellulose) that
eventually affect the accessibility and catalytic activities of
cellulolytic enzymes (Ruel et al, 2009; Carmona et al, 2015;
Liu et al, 2016; Martin et al,, 2019). Therefore, future studies
should more precisely elucidate the relationships between
the altered lignin profiles and the supramolecular structures
of lignocellulose in tricin-depleted grass mutant and trans-
genic plants and also other lignin-altered plants. Such stud-
ies, together with more in-depth investigations on the cell
wall functions of the tricin-altered grass mutants and
transgenic plants, may enhance our understanding of the
still-elusive physiological functions of tricin-lignin and its po-
tential effects on grass biomass utility.
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Materials and methods

Phylogenetic analysis

Protein sequences were aligned by Clustal W (Larkin et al,
2007) and corrected manually in MEGAX (Kumar et al,
2018; Lam et al, 2015). Unrooted phylogenetic trees were
constructed by neighbor-joining method using MEGAX
(Kumar et al., 2018), with 1,000 bootstrap replicates.

Plant materials

The rice (O. sativa) OsCHS1-TDNA mutant (accession: RMD-
03Z11BO45; cv. Zhonghua 11) was obtained from the
National Centre of Plant Gene Research at Huazhong
Agricultural University (Wuhan, China; Zhang et al., 2006).
Regarding the CRISPR/Cas9-mediated mutagenesis, sgRNAs
were designed using CRISPR-P version 2.0 (Liu et al, 2017)
and the Mfold web server (Zuker, 2003). To generate OsCHI-
CRISPR mutants, the sgRNA targeting 5'-
CGGCGAGCAGTACTCGGACA-3' (sgRNA-a) was cloned un-
der the control of the OsU6 promoter in the CRISPR/Cas9
binary vector BGK032 (Biogle Technology, Hangzhou, China;
Meng et al, 2017). To generate OsCHIL-CRISPR mutants,
sgRNAs targeting two conserved regions in OsCHILT and
OsCHIL2 (i.e. 5’-GGAGGGCATCCCATTTCCTC-3' [sgRNA-b]
and 5-GAGGAGCTTGTGCAGGATGA-3' [sgRNA-c]) were
cloned under the control of the LacZ-U3 promoter and U6a
promoter, respectively, in the CRISPR/Cas9 binary vector
pYLCRISPR/Cas9-MH (Ma et al, 2015 Ma and Liu, 2016).
Details regarding the primers used are provided in
Supplemental Table S4. The constructed CRISPR/Cas9 binary
vectors were transformed into Agrobacterium tumefaciens
strain EHA105, which were used to transform rice embry-
onic calli (cv. Nipponbare). All the CRISPR/Cas9 plants used
for further analysis in this study were genotyped via direct
sequencing (Ma et al, 2015) using the primers listed in
Supplemental Table S4. To determine the homozygosity of
the mutants, the PCR products used for direct sequencing
were ligated to the pCR2.1-TOPO vector (Invitrogen,
Carlsbad, CA, USA). The resulting recombinant plasmids
were transformed into Escherichia coli strain DH50, after
which at least 12 colonies per line were sequenced (Takeda
et al, 2019). Potential off-target sites were identified accord-
ing to the CRISPR-2.0 predictions (Liu et al, 2017). The top
three potential off-target sites were analyzed (Supplemental
Table S1). Genomic regions containing each potential off-
target site were amplified by PCR using specific primers
listed in Supplemental Table S4 and then subjected to di-
rect sequencing. Regenerated plants and isolated mutant
lines were grown to maturity in a phytotron with a 12-h
light (30°C):12-h dark (27°C) cycle. Fully genotyped homo-
zygous CRISPR/Cas9 mutants (T3 generation) were culti-
vated under the same conditions. Mature plants (45d after
heading) were phenotypically characterized, harvested, and
dried at 27°C for 30d for the subsequent cell wall
characterization.
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Crude protein extraction and CHI enzyme assay
Leaves were collected from 1-month-old seedlings and im-
mediately frozen in liquid nitrogen before they were ground
to fine powders. To extract crude proteins, the ground pow-
ders were mixed with TmL 0.05 M 4-(2-hydroxyethyl)-1-
piperazineethanesulfonic acid (HEPES)-NaOH buffer (pH
7.5) and then centrifuged to remove cell residues. The CHI
enzyme assay was performed using reaction mixtures com-
prising 100 ug crude proteins, 0.05-M HEPES-NaOH buffer
(pH 7.5), 10 pL ethanol as a co-solvent, and 50-|tM naringe-
nin chalcone (Kaltenbach et al., 2018). Reactions were moni-
tored by measuring the absorbance at 390 nm.

Gene expression analysis

Total RNA extracted from culm tissues collected at the
heading stage as previously described (Koshiba et al., 2013)
was reverse transcribed to cDNA using random hexamer pri-
mers (Invitrogen). Gene expression was analyzed using the
7300 Real-time PCR system (Applied Biosystems, Forester
City, CA, USA) and gene-specific primers listed in
Supplemental Table S4. A ubiquitin gene (OsUBQ5) was
used as an internal control.

Soluble flavonoid analysis

Leaf tissue (100 mg) collected from 2-month-old plants was
immediately frozen in liquid nitrogen and pulverized using
TissueLyser (Qiagen, Hilden, Germany). To extract flavonoid
metabolites, 400-uL 80% (v/v) methanol containing 10-uM
apigenin-ds as an internal standard was added. The resulting
solution was sonicated in an ice water bath for 30min.
Filtered extracts were separated in a Kinetex C18 100 A
column (100 X 21mm; internal  diameter, 2.6 um;
Phenomenex, Torrance, CA, USA) connected to a SCIEX
X500R quadrupole time-of-flight mass spectrometer
(AB Sciex, Redwood City, CA, USA). A solvent system com-
prising 0.5% (v/v) formic acid in water (A) and 0.5% (v/v)
formic acid in methanol (B) was used. The high performance
liquid chromatography analysis was completed using a linear
gradient from 10% to 90% B over 20 min. The flow rate was
maintained at 03 mL min~". Flavonoids were detected via
information-dependent acquisition. Compounds were identi-
fied by comparing their exact masses, fragmentation pat-
terns, and retention times with those of authentic
standards.

Histochemical analysis

Tissue fixation, sectioning, and histochemical staining using
phloroglucinol-HCI and vanillin—-HCl were performed as pre-
viously described (Lam et al,, 2017).

Cell wall chemical analysis

The CWRs for chemical and 2D NMR analyses were pre-
pared from mature rice culm tissues as previously described
(Yamamura et al, 2012). Klason lignin assay (Hatfield et al,
1994), analytical thioacidolysis (Yamamura et al, 2011; Yue
et al, 2012), cell wall-bound hydroxycinnamate analysis
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(Yamamura et al, 2011), and cell wall polysaccharide analysis
(Lam et al, 2017) were conducted as previously described.

2D NMR spectroscopy

The culm CWR samples were ball-milled in ZrO, vessels
containing ZrO, ball bearings using the Planetary Micro Mill
Pulverisette 7 (Fritsch, Idar-Oberstein, Germany; 600 rpm, 12
cycles of 10 min with 5min intervals; Kim and Ralph, 2010;
Mansfield et al, 2012). Samples were then digested with
crude cellulases (Cellulysin; Calbiochem, La Jolla, CA, USA)
to produce lignin-enriched CWR samples as previously de-
scribed (Tobimatsu et al, 2013). Lignin-enriched CWRs
(~20mg) were dissolved in 500-uL dimethylsulfoxide
(DMSO)-ds/pyridine-ds (4:1, v/v). NMR spectra were ac-
quired using a Bruker Biospin Avance™™ Ill 800US system
(Bruker Biospin, Billerica, MA, USA) equipped with a cryo-
genically cooled 5-mm TCl-gradient probe. Adiabatic HSQC
NMR experiments were performed using the standard
Bruker implementation (hsqcetgpsp.3). Specific parameters
were set as previously described (Kim and Ralph, 2010;
Mansfield et al, 2012). Data were processed and analyzed
using Bruker TopSpin version 4.0 (Bruker Biospin, Billerica,
MA, USA). Central DMSO solvent peaks (d¢/0y: 39.5/
249 ppm) were used as an internal reference. HSQC plots
were obtained using the typical matched Gaussian apodiza-
tion in F2, and squared cosine-bell apodization and one level
of linear prediction (16 coefficients) in F1. Volume integra-
tions were completed without using linear prediction and
correction factors. For volume integration of lignin and tricin
aromatic signals, S5 G, and Ty signals were used, and
the S,/6 and Ty ¢ integrals were logically halved. Regarding
the integration of the lignin inter-monomeric linkages, I,
Il,, and NI, were used, and NI, integrals were logically
halved. Values of the relative signal intensities presented in
Figures 6 and 7 were calculated as 1/S,/s + G, = 100 and
I, + I, + 1511, = 100 bases, respectively.

Cell wall enzymatic saccharification analysis
Enzymatic saccharification was analyzed as previously de-
scribed (Hattori et al, 2012; Lam et al, 2017). Briefly, CWR
samples (~10mg) were destarched and hydrolyzed using an
enzyme cocktail consisting of Celluclast 1.5 L (Novozymes,
Bagsvaerd, Denmark; 1.1 FPU), Novozymes 188 (Novozymes;
2.5 CbU), and Ultraflo L (Novozymes; 65 11g) in 50-mM so-
dium citrate buffer (pH 4.8). The reaction was completed in
a rotary reactor (Heatblock Rotator SN-48BN, Nissin,
Saitama, Japan) at 12.5 rpm and 50°C for 6 or 24 h. The lib-
erated Glc was measured using the Glc CllI test kit (Wako
Pure Chemicals Industries, Osaka, Japan).

Accession numbers

Sequence data can be retrieved under accession number
AB00801  (OsCHS1, LOC_Os11g32650), XP_015646206
(OsCHS2,  LOC_Os07g11440),  AK061390  (OsCHI,
LOC_Os03g60509), AK059463 (OsCHIL1, LOC_Os11g02440),
AK099443 (OsCHIL2, LOC_Os12g02370),  AK061988
(OsUBQ5, LOC_0Os01g22490), XM_002450826 (Sorghum
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bicolor SbCHS2a; Yu et al, 2005), AY728478 (Z. mays ZmC2;
Eloy et al, 2017), P24824 (Z. mays ZmWhp1l; Mo et al,
1992), XP_003577513 (Brachypodium distachyon BdCHS),
Pavir.Ha01439 (Panicum virgatum PvCHS), P13114 (A. thali-
ana AtCHS; Shirley et al, 1995), X55194 (Solanum lycopersi-
cum TCHS1), X55195 (S. lycopersicum TCHS2; Schijlen et al,,
2007), AB015872 (Vitis vinifera VVCHS1), AB066275 (V. vinif-
era VVCHS2), AB066274 (V. vinifera VvCHS3; Goto-
Yamamoto et al, 2002), CAC19808 (Humulus lupulus HICHS;
Ban et al, 2018), AJ277211 (Medicago truncatula MtCHST;
Wasson et al,, 2006), V01538 (Petroselinum crispum PcCHS;
Hermann et al, 1988), AB106522 (Torenia hybrid ThCHST;
Fukusaki et al., 2004), X03710 (Antirrhinum majus AmCHST;
Hatayama et al, 2006), X14591 (Petunia hybrida PhCHSA;
van der Meer et al, 1992), AAY45748 (Malus x domestica
MsCHS-1), EB120544 (M. X domestica MsCHS-2), ACJ54531
(M. x  domestica MsCHS-3; Dare et al, 2013),
XP_003559241 (B. distachyon BACHI), XP_00246363 (S. bi-
color SbCHI; Liu et al, 2010), Q08704 (Z mays ZmCHI),
P41088 (A. thaliana AtCHI; Shirley et al, 1995), AY595415
(Glycine max GmCHI2; Ralston et al,, 2005), Q8HOG1 (Lotus
japonicas LjCHI2; Shimada et al, 2003), P51117 (V. vinifera
VVCHI), AY595413 (G. max GmCHI1A; Ralston et al, 2005),
AY595414 (G. max GmCHI1B1; Ralston et al., 2005), Q53B70
(G. max GmCHI1B2; Ralston et al, 2005), AJ548840 (L. japon-
icas LjCHI1; Shimada et al, 2003), AB073787 (L. japonicas
LjCHI3; Shimada et al, 2003), XP_003559241 (B. distachyon
BACHIL), KXG22932 (S. bicolor SbCHIL), NP_001151452 (Z
mays ZmCHIL), NP_568154 (A. thaliana AtCHIL; Jiang et al,,
2015; Ban et al, 2018), NP_001236782 (G. max GmCHlI4a;
Ralston et al, 2005), NP_001242041 (G. max GmCHI4b;
Ralston et al, 2005), MG324005 (Humulus lupulus CHIL2;
Ban et al, 2018), BJ578539 (Ipomoea nil InEFP; Morita et al.,
2014), BAJ10400 (P. hybrida PhEFP; Morita et al, 2014),
BAJ10401 (T. hybrida ThEFP-A; Morita et al, 2014),
BAJ10402 (T. hybrida ThEFP-B; Morita et al, 2014), and
XP_002280158 (V. vinifera VvCHIL),

Supplemental data

The following materials are available in the online version of
this article.

Supplemental Figure S1. Predicted effects of mutations
on OsCHI in OsCHI-CRISPR mutant lines.

Supplemental Figure S2. Predicted effects of mutations
on OsCHILT and OsCHIL2 in OsCHIL-CRISPR mutant lines.

Supplemental Figure S3. Phenotypes of OsCHI-CRISPR
and WT control lines.

Supplemental Figure S4. CHI catalytic activities of crude
proteins of OsCHI-CRISPR, OsCHIL-CRISPR, and WT control
lines.

Supplemental Table S1. Off-target analysis of T; genera-
tion of OsCHI-CRISPR and OsCHIL-CRISPR mutant lines.

Supplemental Table S2. Klason lignin assay of OsCHI-
CRISPR-b, OsCHIL-CRISPR-b, and WT control line.
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control lines.
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