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Abstract (up to 250 words)  41 

p-Coumaroyl ester 3-hydroxylase (C3ˊH) is a key enzyme involved in the biosynthesis of lignin, a 42 

phenylpropanoid polymer that is the major constituent in vascular plants’ secondary cell walls. 43 

Although the crucial role of C3ˊH in lignification and its manipulation to upgrade lignocellulose have 44 

been investigated in eudicots, limited information is available in monocotyledonous grass species 45 

despite their potential as biomass feedstocks. Here we address the pronounced impacts of C3ˊH-46 

deficiency on the structure and properties of grass cell walls. C3ˊH-knockdown lines generated via 47 

RNAi-mediated gene silencing, with ~0.5% of residual expression levels, reached maturity and set 48 

seeds, whereas, in contrast, C3ˊH-knockout rice mutants generated via CRISPR/Cas9-mediated 49 

mutagenesis were severely dwarfed and sterile. Cell wall analysis of the mature C3ˊH-knockdown 50 

RNAi lines revealed that their lignins were largely enriched in p-hydroxyphenyl (H) units while 51 

substantially reduced in the normally dominant guaiacyl (G) and syringyl (S) units. Interestingly, 52 

however, the enrichment of H units was limited to being within the non-acylated lignin units, with 53 

grass-specific γ-p-coumaroylated lignin units remaining apparently unchanged. Suppression of C3ˊH 54 

also resulted in relative augmentation in tricin residues in lignin as well as substantial reduction in wall 55 

cross-linking ferulates. Collectively, our data demonstrate that C3ˊH expression is an important 56 
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determinant, not only of lignin content and composition, but also of the degree of cell wall cross-57 

linking. We also demonstrated that C3ˊH-suppressed rice displays enhanced biomass saccharification. 58 

(227 words) 59 

 60 

Key words (up to 10 words) 61 

lignin, grass, Oryza sativa, RNAi, CRISPR/Cas9, saccharification, p-coumarate, ferulate, NMR, 62 

DFRC 63 

 64 

Significance statement (up to 75 words) 65 

Suppression of a gene encoding p-coumaroyl ester 3-hydroxylase in rice resulted in altered lignins 66 

largely enriched in p-hydroxyphenyl units, augmentation of tricin residues in lignin, and substantial 67 

reduction in wall cross-linking ferulates. Such structural alterations reduced cell wall recalcitrance and 68 

enhanced cell wall saccharification to produce fermentable sugars from rice lignocellulose. (51 words) 69 

 70 

�71 

 72 
73 
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INTRODUCTION  74 

Lignocellulose is a complex bio-composite comprising the secondary cell walls in vascular plants. 75 

Lignin, a phenylpropanoid polymer accounting for 15-30% by weight of lignocellulose, encrusts cell 76 

wall polysaccharides, i.e., cellulose and hemicelluloses, and confers upon them increased mechanical 77 

strength, imperviousness, and resistance to pathogens. Lignin has long been a major target in plant 78 

bioengineering studies because it negatively affects biomass polysaccharide utilizations, such as 79 

chemical pulping and bioethanol production. Accordingly, genetic strategies to reduce lignin content 80 

and/or alter lignin substructures for alleviating the polymer’s recalcitrant nature have long been 81 

pursued (Boerjan et al., 2003; Umezawa, 2010; Bonawitz and Chapple, 2013). More recently, 82 

bioengineering approaches to recover and convert lignins into value-added aromatic materials or 83 

energy-rich solid biofuels are becoming an important research focus in light of the biorefinery concept 84 

(Ragauskas et al., 2014; Rinaldi et al., 2016; Umezawa, 2018). 85 

Among a variety of biomass feedstocks, grasses are a prominent plant group that shows great 86 

potential as a lignocellulosic biomass resource. Grass grain crops, including rice, wheat, maize, and 87 

sorghum, annually produce huge amounts of lignocellulose as agricultural wastes. In addition, grass 88 

biomass crops, such as Erianthus, miscanthus, switchgrass, and bamboos, have attracted considerable 89 

attention as potent lignocellulose biomass sources due to their superior characteristics as biomass 90 

feedstocks: grass biomass typically shows much higher lignocellulose productivity as well as better 91 

processability than softwood and hardwood biomass (Somerville et al., 2010; Tye et al., 2016; 92 

Umezawa, 2018). To establish a cost-effective biorefinery system, molecular breeding approaches to 93 

further improve lignocellulose productivity and utilization characteristics in grass species are desired 94 

(Somerville et al., 2010; Cesarino et al., 2016; Bhatia et al., 2017). However, the majority of the 95 

genetic studies associated with the development and bioengineering of lignocellulose have 96 

traditionally targeted model eudicots, such as Arabidopsis and poplar, and our knowledge of 97 

manipulating lignocellulose in monocotyledonous grass species remains limited (Hatfield et al., 2017). 98 
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In this context, we have been studying the biosynthesis and bioengineering of grass lignin in rice, one 99 

of the major model grasses and a commercially important crop (Koshiba et al., 2017; Takeda et al., 100 

2017; Umezawa, 2018). 101 

Extensive structural studies have accumulated evidence that the structural organization of lignins 102 

in grasses substantially differs from those in other plant lineages (Figure 1). In angiosperms, i.e., in 103 

both eudicots and monocots including grasses, lignin incorporates mainly guaiacyl (G) and syringyl 104 

(S) aromatic units derived from the oxidative radical coupling of two monolignols, coniferyl and 105 

sinapyl alcohols, with typically much lower amounts of p-hydroxyphenyl (H) units from p-coumaryl 106 

alcohol; lignins from grasses tend to incorporate more H units compared with eudicots albeit still at 107 

low levels (Boerjan et al., 2003; Vanholme et al., 2012a). While sharing this typical lignin trait with 108 

eudicot lignins, grass lignins uniquely possess !-p-coumaroylated G and S units via polymerization of 109 

!-p-coumaroylated coniferyl and sinapyl alcohol conjugates (Withers et al., 2012; Marita et al., 2014; 110 

Petrik et al., 2014). In addition, tricin, a member of the flavonoids, has been recently identified to be 111 

a common integrated component of grass and some other lignins (Lan et al., 2016a; Lan et al., 2016b; 112 

Lam et al., 2017), where tricin serves as a lignin co-monomer and cross-couples with monolignols and 113 

!-p-coumaroylated monolignols upon cell wall lignification (Lan et al., 2015; Lan et al., 2016). 114 

Furthermore, abundant ferulates (FAs) serve as cross-linkers between lignins and polysaccharides in 115 

grass cell walls. The majority of wall-bound FAs are ester-linked to hemicelluloses, in particular, 116 

arabinoxylans (Ralph, 2010; Hatfield et al., 2017), but it was recently demonstrated that feruloylation 117 

also occurs, albeit at much lower concentrations, at the γ-positions of lignin via polymerization of γ-118 

feruloylated monolignols upon lignification in grass cell walls (Karlen et al., 2016).  119 

Aromatic composition of lignin is a structural feature that greatly affects the usability of 120 

lignocellulosic biomass, and therefore is one of the primary targets in lignocellulose engineering 121 

studies (Takeda et al., 2017; Umezawa, 2018). Previous studies demonstrated that up- and/or down-122 

regulation of the lignin biosynthetic genes in the cinnamate/monolignol pathway (Figure 1) result in 123 
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the redirection of the metabolic flux leading to different lignin monomers to consequently produce 124 

altered lignin polymers with unit compositions substantially different from those in wild-type plants. 125 

p-Coumaroyl ester 3-hydroxylase (C3ˊH), a cytochrome P450-dependent monooxygenase classified 126 

in the CYP98 family, provides entry into the main lignin biosynthetic pathway leading to the formation 127 

of G- and S-type monolignols (Figure 1) (Schoch et al., 2001; Franke et al., 2002a). Although H units 128 

are typically minor components in most of the vascular plants, transgenic/mutant plants deficient in 129 

C3ˊH accumulate lignins abnormally enriched in H units. Strikingly, Arabidopsis mutants lacking its 130 

primary C3ˊH (CYP98A3/REF8) activity produce lignins almost exclusively composed of H units 131 

(Weng et al., 2010; Bonawitz et al., 2014). Likewise, C3′H-downregulated alfalfa (Medicago sativa), 132 

poplar (Populus alba × grandidentata), and eucalyptus (Eucalyptus urophylla × grandis) produced H-133 

rich lignins, with up to ~70%, ~30%, and ~20% (based on NMR analysis) of H units per total lignin 134 

units, respectively (Ralph et al., 2006; Ralph et al., 2012; Ziebell et al., 2016). Heavily C3ˊH-135 

suppressed eudicots typically display reduced lignin content as well as impaired growth phenotypes 136 

often accompanied by collapsed vascular cells. One of the most well-known examples is the 137 

Arabidopsis ref8 mutants, which is severely lignin reduced (down to ~40% of wild-type levels), 138 

dwarfed, and sterile (Franke et al., 2002b; Abdulrazzak et al., 2006). Interestingly, however, 139 

simultaneous mutations of the Mediator complex subunits MED5a and MED5b rescued the lignin 140 

deficiency and stunted growth of ref8, yet the triple mutant still produced almost exclusively H lignins 141 

(Bonawitz et al., 2014); i.e., the growth defect was not attributable to the level of H-lignin per se. 142 

Although molecular mechanisms underlying lignin-deficiency and dwarfing in C3ˊH-downregulated 143 

plants remain unclear, the above observations made for the Arabidopsis mutants imply that H units 144 

alone are able to comprise functional lignin polymers in cell walls.  145 

Although the role of C3ˊH in lignification in eudicot models has been relatively well documented, 146 

our knowledge regarding the impacts of C3ˊH-deficiency in monocot grass species remains limited. 147 

There has been one recent report describing the analysis of C3ˊH-downregulated maize, in which 148 
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Fornalé et al. (2015) characterized maize transgenic lines deficient in one of the two maize C3ˊH genes 149 

(ZmC3H1) and demonstrated that their ZmC3H1-suppressed maize lines, with ~40% of residual 150 

ZmC3H1 expression levels, exhibited predictable increments in H lignin units with up to ~20% (based 151 

on NMR analysis) of total H/G/S lignin units. The ZmC3H1-suppressed maize also displayed notable 152 

shifts in the composition of other cell wall components and metabolites. The observed effects provoked 153 

by C3ˊH-suppression in maize, however, were overall moderate compared to those previously reported 154 

in several eudicot species, which could be due to the residual ZmC3H1 activity and/or the existence of 155 

a secondary maize C3ˊH (ZmC3H2) potentially exhibiting a redundant function with ZmC3H1 (Fornalé 156 

et al., 2015).  157 

In this study, we address the pronounced impacts of C3ˊH-deficiency on plant development as well 158 

as on the structure and properties of grass cell walls through analysis of transgenic rice plants. We first 159 

generated transgenic rice in which the expression of the singular rice C3ˊH has been suppressed to as 160 

low as 0.5% of wild-type levels using an RNA-interference (RNAi) approach, and demonstrated that 161 

they developed morphologically sound lignified cell walls without displaying severely impaired plant 162 

growth under the employed conditions. In parallel, we generated and characterized rice mutants that 163 

harbor frameshift mutations in the C3ˊH gene via the CRISPR/Cas9 [clustered regularly interspaced 164 

short palindromic repeats (CRISPR)/ CRISPR-associated protein 9 (Cas9)] genome editing system. In 165 

contrast to the RNAi-derived C3ˊH-knockdown rice, the CRISPR/Cas9-derived C3ˊH-knockout rice 166 

showed severely impaired plant growth and arrested development in the early stage of vegetative 167 

growth. We then subjected the mature C3ˊH-knockdown rice to in-depth cell wall structural analysis 168 

using various wet-chemical and 2D NMR methods. Our results clearly demonstrated that the impacts 169 

of C3ˊH suppression on lignin composition, as well as on the assembly of other cell wall components, 170 

are substantially different in grasses than those previously reported in eudicots. In addition, we 171 

demonstrated that such structural alterations in grass cell walls resulted in potentially useful 172 

enhancements in biomass saccharification.  173 
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 174 

RESULTS 175 

Sequence and gene expression analysis of rice C3ˊH  176 

The rice genome encodes only one functional C3ˊH protein classified in the CYP98 family, namely 177 

CYP98A4. Rice also contains a pseudogene, CYP98A15PX, which lacks a large part of the CYP 178 

conserved motifs (Figure S1). Phylogenic analysis revealed that CYP98A4 forms a cluster with 179 

putative/known grass C3ˊH proteins such as those in wheat (Morant et al., 2006), switchgrass 180 

(Escamilla-Treviño et al., 2014), and maize (Fornalé et al., 2015), and this clade was clearly separated 181 

from a eudicot C3ˊH clade including previously characterized C3ˊHs in Arabidopsis (Franke et al., 182 

2002b; Abdulrazzak et al., 2006; Bonawitz et al., 2014), alfalfa (Reddy et al., 2005; Ralph et al., 2006), 183 

poplar (Coleman et al., 2008; Ralph et al., 2012), and eucalyptus (Sykes et al., 2015; Ziebell et al., 184 

2016) (Figure S2). In addition, in silico gene expression analysis using a public microarray database 185 

(Sato et al., 2013) suggested that CYP98A4 is highly expressed in root and culm at reproductive and 186 

ripening stages, where and when lignification is typically occurring, as with the other putative/known 187 

lignin biosynthetic genes including Os4CL3 (Gui et al., 2011), OsCAld5H1/F5H1 (Takeda et al., 2017), 188 

OsCAldOMT1/COMT1 (Koshiba et al., 2013a), and OsCAD2/GH2 (Koshiba et al., 2013b; Zhang et 189 

al., 2006) (Figure S3). Collectively, these data were supportive of the notion that CYP98A4 is a major 190 

C3ˊH involved in lignification in rice. Hereafter, we referred to CYP98A4 as OsC3ˊH1. 191 

 192 

Generation and phenotype of C3ˊH-knockdown and knockout rice plants  193 

To investigate the effects of C3ˊH-deficiency in rice, we first generated OsC3ˊH1-knockdown lines 194 

using an RNA interference (RNAi) approach. We obtained approximately 20 independent T0 transgenic 195 

lines displaying altered OsC3ˊH1 expression levels, and selected two lines, namely OsC3ˊH1-KD-a 196 

and OsC3ˊH1-KD-b, for further cultivation. The qRT-PCR analysis determined that both OsC3ˊH1-197 

KD-a and OsC3ˊH1-KD-b lines showed substantially reduced OsC3ˊH1 expression levels with 0.5% 198 

and 3% relative to wild-type plants, respectively (Figure 2A). Both OsC3ˊH1-KD lines (T2 generation) 199 

appeared to show slightly reduced plant heights and culm lengths, as well as somewhat lowered fertility, 200 

but displayed similar tillering and dry straw weights comparable to those of wild-type plants (Figure 201 
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2B; Table 1). To evaluate the effects of OsC3ˊH1 suppression on cell wall morphology and lignin 202 

deposition, transverse sections prepared from culm tissues of OsC3ˊH1-KD lines were subjected to 203 

histochemical analysis (Figure 2B). Under the tested conditions, OsC3ˊH1-KD plants and wild-type 204 

plants developed similar morphologically sound vascular tissues, with thick secondary walls in the 205 

cortical sclerenchyma fibers and vascular bundles. The cell walls in both OsC3ˊH1-KD and wild-type 206 

culm exhibited positive red colorations with a phloroglucinol-HCl lignin stain.  207 

In addition, we generated OsC3ˊH1-knockout mutants via CRISPR/Cas9-mediated mutagenesis. 208 

Two CRISPR/Cas9 expression binary vectors which harbor single guide RNAs (sgRNAs) targeting 209 

the first exon of OsC3ˊH1 (Figure 2C) and Cas9 were transformed into wild-type rice plants (Mikami 210 

et al., 2015). We obtained approximately twelve independent T0 lines from each vector. Genotyping 211 

by the direct sequencing approach identified a variety of anticipated insertion/deletion mutations 212 

(indels) on OsC3ˊH1 that could cause frameshift mutations and thereby loss of functional OsC3ˊH1 213 

(Table S2). In the course of our efforts in isolating homozygous OsC3ˊH1-KO plants from T1 progenies, 214 

we noticed that no homozygous plants survived the early vegetative phase whereas heterozygous or 215 

chimeric plants reached maturity apparently without showing an abnormal phenotype. To further 216 

examine the phenotype of OsC3ˊH1 loss-of-function mutants, homozygous seedlings of two 217 

independent OsC3ˊH1-KO lines, namely OsC3ˊH1-KO-a and OsC3ˊH1-KO-b (Figure 2D; Table S2), 218 

were isolated from T2 progenies of the self-fertilized T1 heterozygotes and then grown under aseptic 219 

conditions for phenotypic characterization; no off-target events were detected on putative off-target 220 

sites predicted by CRISPR-P (Lei et al., 2014) for both OsC3ˊH1-KO-a and OsC3ˊH1-KO-b lines 221 

(Table S3). It was clearly observed that all OsC3ˊH1-KO homozygotes identified in this study showed 222 

severely stunted growth with notably inhibited root elongation, short/small internodes and leaves, and 223 

arrested development typically at the 4-5 leaf stage (Figure 2D). Hence, a complete abolishment of 224 

OsC3ˊH1 activity is likely responsible for the observed arrested seedling development and subsequent 225 

death. 226 

 227 

Chemical analysis of OsC3ˊH1-downregulated rice cell walls 228 
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To determine how OsC3ˊH1-suppression affects the cell wall chemotype, we performed a series of 229 

chemical analyses on the extractive-free cell wall residues (CWRs) samples prepared from RNAi-230 

derived OsC3ˊH1-KD transgenic (T1 generations) and wild-type plants; all the tested plants were 231 

grown under identical conditions in a greenhouse. Lignin content was evaluated by the Klason lignin 232 

assay (Hatfield et al., 1994) as well as by the thioglycolic acid assay (Suzuki et al., 2009). In addition, 233 

we performed thioacidolysis (Lapierre et al., 1986; Yamamura et al., 2012) and derivatization followed 234 

by reductive cleavage (DFRC) methods (Lu and Ralph, 1997, 1999; Ralph et al., 1998; Smith et al., 235 

2017). Thioacidolysis quantifies H-, G-, and S-type monomeric degradation products (Hthio, Gthio, and 236 

Sthio) released via cleavage of both γ-free and (most of the) γ-acylated β–O–4 substructures in the lignin 237 

polymers, and their relative abundances reflect the overall aromatic composition of β–O–4-linked 238 

H/G/S lignin units (Figure 3). The γ-acylations can be further apportioned into pCA, acetyl (del Río 239 

et al., 2007), and FA esters of H, G, or S units. On the other hand, DFRC (Lu and Ralph, 1997, 1999; 240 

Smith et al., 2017), along with its modification, DFRC-Pr (Ralph et al., 1998; Karlen et al., 2017), 241 

cleaves β–O–4 ether bonds without disrupting any γ-ester linkages present and consequently releases 242 

quantifiable acylated degradation products (HDFRC-pCA, GDFRC-Ac, HDFRC-FA, GDFRC-pCA, GDFRC-Ac, 243 

GDFRC-FA, SDFRC-pCA, SDFRC-Ac, and SDFRC-FA) from γ-acylated units along with non-acylated products 244 

(HDFRC-OH, GDFRC-OH, and SDFRC-OH) from γ-OH units (Figure 3). We also quantified wall-bound pCA 245 

and FA via saponification (Yamamura et al., 2011; Petrik et al., 2014) as well as cell wall 246 

polysaccharide units via a combination of trifluoroacetic acid (TFA) and sulfuric acid-catalyzed 247 

hydrolysis (Chen et al., 2012; Lam et al., 2017). 248 

 249 

Lignin content 250 

The Klason lignin assay determined the apparent total lignin contents in OsC3ˊH1-KD cell walls to be 251 

decreased to ~70% of wild-type levels in culm but no major differences were observed between the 252 

OsC3ˊH1-KD and wild-type cell walls in leaf sheath and leaf blade (Figure 4A; Table S5). However, 253 

in contrast, the thioglycolic acid assay determined the apparent lignin contents in OsC3ˊH1-KD cell 254 

walls to be slightly increased compared to those in wild-type cell walls in all the tissues examined 255 

(Table S5). On the other hand, total yields of the degradation products released and quantified by 256 
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thioacidolysis and DFRC were both substantially decreased to ~50% of wild-type levels in all the 257 

OsC3ˊH1-KD tissue samples tested (Table 2), suggesting that β–O–4-linked H/G/S lignin fractions 258 

were considerably depleted in OsC3ˊH1-KD cell walls.  259 

 260 

Lignin monomer composition  261 

As envisioned, thioacidolysis and DFRC demonstrated that β–O–4-linked H lignin units were largely 262 

augmented in all the examined tissues of OsC3ˊH1-KD plants. By thioacidolysis, H-lignin-derived 263 

products Hthio showed a significant increase in OsC3ˊH1-KD cell walls compared with those in wild-264 

type cell walls (Table 2). In line with this, H lignin-derived DFRC products (HDFRC-total) released from 265 

OsC3ˊH1-KD cell walls were also much higher than those released from wild-type cell walls (Table 266 

2). Such remarkable increases in β–O–4-linked H lignins strongly support our contention that OsC3′H1 267 

is active and essential to the cinnamate/monolignol pathway that leads to a dominance of G and S 268 

lignins in wild-type rice.  269 

 DFRC additionally provided important information regarding the γ-acylation state of lignins 270 

of OsC3ˊH1-KD plants. Wild-type cell walls released considerable amounts of γ-p-coumaroylated G 271 

and S products, GDFRC-pCA and SDFRC-pCA, at ~10:90 mol/mol ratio, along with trace amounts of γ-p-272 

coumaroylated H products, HDFRC-pCA, from culm and leaf sheath tissues (Table 2; Figure 3; Figure 273 

S4). It was found that H lignin-derived DFRC products released from OsC3ˊH1-KD cell walls retained 274 

mostly their non-acylated HDFRC-OH forms (Table 2). We also observed a significant increase in the 275 

molar yield of γ-p-coumaroylated HDFRC-pCA, although the levels remained very low (Table 2; Figure 276 

S4). Meanwhile, whereas the released non-acylated G and S products, GDFRC-OH and SDFRC-OH, were 277 

both drastically reduced, we detected smaller reductions (or even small increases) in the molar yield 278 

of γ-p-coumaroylated G and S products, GDFRC-pCA and SDFRC-pCA, for OsC3ˊH1-KD cell walls 279 

compared to wild-type cell walls (Table 2). Compositionally, GDFRC-pCA and SDFRC-pCA units released 280 

from OsC3ˊH1-KD cell walls were significantly increased compared with the ratios observed for wild-281 

type cell walls (Table S4). Taken together, our data suggest that augmentation of β–O–4-linked H 282 

lignin in our OsC3ˊH1-knockdown rice was preferentially at the expense of non-acylated G and S units 283 

while leaving γ-p-coumaroylated G and S units fairly abundant given the depletion of their monomer 284 
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pools.  285 

The γ-acetylated DFRC products were also detected but have much smaller portions compared to 286 

those of the γ-p-coumaroylated DFRC products: γ-acetylated H and G products, HDFRC-Ac and GDFRC-287 

Ac, accounted for 6-12% and 3-5% of the total H and G lignin-derived DFRC products, HDFRC-total and 288 

GDFRC-total, respectively, and no γ-acetylated S products, SDFRC-Ac, were detectable in all the rice tissue 289 

samples examined in this study (Table S4). The proportions of γ-acetylated H products relatively 290 

increased in OsC3ˊH1-KD tissues, whereas γ-acetylated G units were not significantly affected, 291 

compared to wild-type cell walls (Table S4). DFRC on wild-type cell walls additionally released very 292 

low but detectable amounts of G and S-type γ-feruloylated products (GDFRC-FA and SDFRC-FA) (Table 293 

2; Figure 3). This affirms the existence of γ-feruloylated G and S lignins in rice as recently reported in 294 

a variety of grass species (Karlen et al., 2016). In contrast, both GDFRC-FA and SDFRC-FA appeared to be 295 

diminished to undetectable levels in all the examined samples of OsC3ˊH1-KD plants (Table 2), 296 

suggesting that suppression of OsC3ˊH1 affected the formation of γ-feruloylated lignins as further 297 

investigated below. The logical H-type γ-feruloylated product HDFRC-FA (Figure 3) was undetectable 298 

in wild-type and even in OsC3ˊH1-KD cell walls (Table 2). 299 

 300 

Wall-bound p-hydroxycinnamates and polysaccharides 301 

The alkaline-releasable pCA levels in culm and leaf sheath cell walls were overall similar between 302 

OsC3ˊH1-KD and wild-type plants but somehow increased in leaf blades from OsC3ˊH1-KD plants 303 

(Figure 4B). In contrast, alkaline-releasable FA levels were substantially reduced down to ~25% of 304 

wild-type levels in OsC3ˊH1-KD cell walls (Figure 4C). Given that the degree of FA reduction in 305 

OsC3ˊH1-KD plants estimated by saponification (Figure 4C) were much higher compared with that of 306 

FA residues in lignin determined by DFRC analysis (Table S4), our data suggest that not only the 307 

lignin-integrated FA detected by DFRC but also the arabinoxylan-bound FA residues are substantially 308 

reduced in OsC3ˊH1-KD cell walls. Such reductions in wall-bound FAs strongly suggest that OsC3ˊH1 309 

activity is requisite, not only for the generation of G- and S-type monolignols, but also for FAs attached 310 

on lignins and hemicelluloses in rice cell walls. 311 
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We also analyzed distribution of cellulosic and hemicellulosic glycans using a two-step acid-312 

catalyzed hydrolysis method (Chen et al., 2012; Lam et al., 2017). It was confirmed that, as is typical 313 

in other grasses, both OsC3ˊH1-KD and wild-type cell walls were composed mainly of crystalline 314 

cellulose and amorphous arabinoxylans. Both cellulosic and hemicellulosic sugars were both mildly 315 

augmented in OsC3ˊH1-KD cell walls compared to their levels in wild-type cell walls (Table S5). 316 

 317 

Two-dimensional NMR analysis on OsC3ˊH1-downregulated rice cell walls  318 

To further investigate the effects of OsC3ˊH1 suppression on rice cell wall structures, we performed 319 

solution-state two-dimensional 1H–13C correlation (HSQC) NMR analysis on CWRs from OsC3ˊH1-320 

KD and wild-type culm tissues. First, we studied entire cell wall structures by analyzing ball-milled 321 

CWRs directly swelled in a dimethyl sulfoxide (DMSO)-d6/pyridine-d5 NMR solvent (Kim et al., 322 

2010; Mansfield et al., 2012). For a more in-depth analysis on lignins, we also analyzed lignin-enriched 323 

cell walls prepared from CWRs via enzymatic removal of cell wall polysaccharides (Tobimatsu et al., 324 

2013). 325 

 326 

Aromatic region: H/G/S lignin units, tricin, and wall-bound p-hydroxycinnamates  327 

The aromatic regions of HSQC spectra of wild-type culm cell walls displayed intense aromatic signals 328 

from both γ-free and γ-acylated G and S lignin units as well as those from H units at much lower levels 329 

(Figure 5A, B). Volume integrations of well-resolved signals appearing in lignin-enriched cell wall 330 

spectra allowed us to estimate approximately 8%, 55%, and 37% for H, G, and S units per total H/G/S 331 

lignin units (½H2/6 + G2 + ½S2/6 = 100%), respectively. In line with our observation in thioacidolysis 332 

and DFRC analysis (Table 2), H lignin signals were elevated by up to ~64% in OsC3ˊH1-KD cell wall 333 

spectra, further establishing the strong augmentation in H lignins in OsC3ˊH1-KD plants.  334 

Along with the signals from H/G/S lignin units, sets of the signals from pCA and tricin (T) residues, 335 

both characteristic of grass lignins, were clearly visible (Figure 5A, 5B). Based on the volume 336 

integrations, pCA contour signals appeared to be elevated relative to the total of H/G/S lignin signals 337 

in the OsC3ˊH1-KD cell wall spectra, which supports our observations in DFRC where the proportions 338 

of the total γ-p-coumaroylated products were relatively increased (Table S4). In addition, T contour 339 
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signals were also largely elevated in the OsC3ˊH1-KD cell wall spectra, suggesting that lignin-340 

integrated tricin residues are enriched in OsC3ˊH1-KD cell walls.  341 

The whole cell wall spectra of wild-type cell walls additionally displayed signals derived from 342 

wall-bound FAs; as FAs are mostly attached on arabinoxylans, FA contour signals were reasonably 343 

depleted in the spectra of lignin-enriched cell walls where most of the polysaccharides had been 344 

removed by enzymatic digestion (Figure 5B). However, FA contour signals were also found to be 345 

considerably depleted in the spectra of non-digested OsC3ˊH1-KD rice cell walls, in line with our 346 

DFRC (Table 2) and saponification (Figure 4C) data described above, and further affirming that wall-347 

bound FAs were substantially depleted in OsC3´H1-KD cell walls.  348 

 349 

Aliphatic side-chain region: lignin inter-monomeric linkage patterns 350 

The aliphatic regions of HSQC spectra of lignin-enriched cell walls resolved the signals derived from 351 

lignin’s major units, with their characteristic inter-monomeric linkages, in the polymers (Figure 5C). 352 

Typical signals from β-ether (β–O–4, I), phenylcoumaran (β–5, II), and resinol (β–β, III) units as well 353 

as those from the corresponding γ-acylated units (I´, II´, and III´) were clearly seen. Quantitative 354 

analysis of the HSQC contour signals revealed that there was no significant difference in β-ether (I+I´) 355 

and phenylcoumaran (II+II´) contents in OsC3ˊH1-KD cell wall spectra compared with those in wild-356 

type cell wall spectrum. This result was in contrast to previously characterized H-augmented lignins 357 

in eudicots that contained conversely fewer β–O–4 and more β–5 linkages (Ralph et al., 2006; 358 

Bonawitz et al., 2014), the possible reasons for which are discussed later.  359 

 360 

Enzymatic saccharification of OsC3ˊH1-downregulated rice cell walls 361 

Lastly, to determine the effects of OsC3ˊH1 suppression on the biomass utilization, we evaluated 362 

enzymatic saccharification efficiency of CWRs from wild-type and OsC3ˊH1-KD cell walls. Cell walls 363 

were hydrolyzed using a cocktail of commercially available cellulolytic enzymes (Hattori et al., 2012), 364 

and the released glucose was periodically quantified to obtain the time-course profiles for cell wall 365 

saccharification. Consequently, it was clearly demonstrated that all the OsC3ˊH1-KD cell walls 366 

displayed significantly enhanced saccharification efficiency (Figure 4D, 4E; Figure S5). The 367 
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enhancement was 24-46% when expressed as glucose yield per CWRs and 21-41% when expressed as 368 

glucose yield per total glucan. Thus, a partial suppression of C3ˊH can be beneficial for the production 369 

of fermentable sugars from grass lignocellulose.  370 

 371 

DISCUSSION 372 

This study has demonstrated that OsC3´H1, the sole functional C3´H gene in rice, has a crucial role in 373 

plant growth and development and also in determining lignin content and composition as well as the 374 

level of grass-specific wall cross-linking FAs in rice cell walls. Genetic disruption of lignin 375 

biosynthesis often results in stunted growth and various developmental abnormalities. The 376 

mechanisms underlying the dwarfism in lignin-altered transgenics and mutants remain poorly 377 

understood; lignin deficiency, altered profiles of non-lignin phenylpropanoid metabolites, and/or 378 

unknown pathway(s) triggered by loss of cell wall integrity might be associated with the phenomenon 379 

(Bonawitz and Chapple, 2013; Bonawitz et al., 2014). Similarly to the well-characterized phenotype 380 

of C3´H-deficient Arabidopsis mutants (Franke et al., 2002b; Reddy et al., 2005; Abdulrazzak et al., 381 

2006; Bonawitz et al., 2014), our CRISPR/Cas9-derived C3ˊH-knockout rice mutants showed a severe 382 

dwarf phenotype and arrested development in the early stage of the vegetative growth, indicating that 383 

C3´H activity is crucially important for plant growth and development not only in Arabidopsis 384 

(eudicot) but also in rice (grass). A recent study showed that the growth penalty of C3´H-deficient 385 

Arabidopsis ref8 mutant could be rescued to near wild-type levels by simultaneously disrupting the 386 

Mediator complex subunits MED5a and MED5b (Bonawitz et al., 2014). Further rigorous genetic and 387 

transgenic studies are needed to determine whether or not such Mediator-associated transcriptional 388 

process is conserved and likewise responsible for the dwarfing of our C3´H-knockout rice. 389 

Interestingly, our RNAi-derived C3´H-knockdown rice with only ~0.5% of residual expression levels 390 

showed relatively normal growth, suggesting that a small amount of C3ˊH transcript is sufficient to 391 

avoid the stunted growth observed in CRISPR/Cas9-derived C3ˊH-knockout rice. As further discussed 392 

below, the RNAi-derived C3´H-knockdown rice nevertheless displayed substantially altered cell wall 393 

and lignin chemical profiles. Although we failed to obtain reliable cell wall structural data for the 394 

severely dwarfed C3ˊH-knockout rice due to the limited availability of their cell wall materials, our 395 
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data presented in this study suggest that, as has been reported in Arabidopsis (Bonawitz et al., 2014), 396 

the altered cell wall chemical profiles are unlikely the direct cause of the impaired plant fitness 397 

associated with C3ˊH-deficiency in rice.  398 

 399 

C3ˊH-downregulated rice produces lignins enriched in H, p-coumarate, and tricin units 400 

That our RNAi-derived OsC3´H1-KD rice exhibited a nearly normal plant growth prompted us to use 401 

them for investigating the impacts of C3ˊH-deficiency on the cell wall chemotype. C3ˊH-deficiency 402 

caused lignin reductions in all species tested so far (Franke et al., 2002b; Reddy et al., 2005; 403 

Abdulrazzak et al., 2006; Ralph et al., 2006; Coleman et al., 2008; Ralph et al., 2012; Bonawitz et al., 404 

2014; Fornalé et al., 2015; Sykes et al., 2015; Ziebell et al., 2016). Possibly, cell wall lignin content in 405 

the culm of our C3´H-knockdown rice might be likewise reduced as determined by the Klason lignin 406 

assay (Figure 4A; Table S5) which was also corroborated by thioacidolysis and DFRC chemical 407 

degradation methods (Table 2). Lignin content data obtained by the colorimetry-based thioglycolic 408 

acid assay, however, determined a slight increase in culm of the C3´H-knockdown rice (Table S5). In 409 

addition, we observed no major changes or significant increase of lignin contents based on Klason and 410 

thioglycolic acid lignin assays in leaf sheath and leaf blade tissues of the C3´H-knockdown rice (Figure 411 

4A; Table S5), whereas total yields of thioacidolysis- and DFRC-derived lignin monomeric 412 

degradation products were significantly reduced in the same tissue samples (Table 2). The actual 413 

reasons for the discrepancy between the results of the two popular lignin assays, i.e., Klason and 414 

thioglycolic acid lignin assays, and also the chemical lignin degradation assays, i.e., thioacidolysis and 415 

DFRC, are unknown but might be, at least partially, associated with the substantially altered lignin 416 

structure in our C3´H-knockdown rice; in fact, the accuracy of any lignin assay becomes uncertain 417 

when the lignin structure is drastically changed (Hatfield and Fukushima, 2005; Zhao et al., 2013).  418 

As envisioned, downregulation of C3ˊH resulted in production of lignins largely enriched in H 419 

units. Both thioacidolysis and DFRC estimated H lignin levels in the C3´H-knockdown culm cell walls 420 

to be ~40% (Table S4), whereas those estimated by NMR were ~65% (Figure 5B). The deviations 421 

between the two chemical assays and NMR could be mainly due to the fact that the former measure 422 

only the distributions in the monomers partially released from the lignin polymer associated with β-423 
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ether units (Figure 3), whereas the latter estimates the overall distributions in the entire polymer (Ralph 424 

et al., 2006). Complicating the issue, however, is that H-units are more heavily involved as terminal 425 

units (Lapierre, 2010) that become over-represented in NMR spectra (Mansfield et al., 2012). The 426 

augmented H levels in our C3ˊH-knockdown rice with less than 3% residual C3ˊH expression levels 427 

were much greater than the values previously reported in maize with ~40% residual C3ˊH expression 428 

levels (Fornalé et al., 2015), and comparable to those reported in alfalfa with ~5% residual C3ˊH 429 

expression levels (Ralph et al., 2006). p-Coumarate (pCA) on lignin levels were also significantly 430 

elevated (Figure 5B). Our NMR data also suggested that tricin residues in lignin were augmented in 431 

C3´H-knockdown rice (Figure 5B), which can be attributed at least partly to the redirection of carbon 432 

flux from the monolignol/cinnamate pathway to the flavonoid-specific pathway, diverging from the 433 

common p-coumaroyl-CoA intermediate, leading to the supply of tricin as a lignin monomer (Figure 434 

1). Similarly, plants disrupted in the early steps in the monolignol/cinnamate pathway occasionally 435 

display over-accumulation of flavonoids along with depletions in the amount of monolignol-derived 436 

lignin units (Hoffmann et al., 2004; Abdlrazzak et al., 2006; Vanholme et al., 2012b; Fornalé et al., 437 

2015). 438 

Previous NMR studies on H-enriched lignins in Arabidopsis (Bonawitz et al., 2014) and alfalfa 439 

(Ralph et al., 2006) have suggested that an augmentation in H units typically results in notable 440 

reduction in the relative levels of β-ether units along with increase in phenylcoumarans (β–5) and 441 

biphenyl (5–5) units in the lignin polymers. In contrast, our C3´H-knockdown rice lignins displayed 442 

no significant differences in comparison with wild-type lignins in terms of the inter-monomeric linkage 443 

distributions: β–O–4 linkages still predominate and no observable increase in β–5 and 5–5 linkages 444 

(Figure 5C). It is reminiscent of the observations previously made for C3ˊH-downregulated poplar, in 445 

which the distribution of inter-monomeric linkages was hardly affected even with substantially 446 

augmented H levels (Ralph et al., 2012). The discrepancy could be at least partly attributed to the fact 447 

that the enriched H units in poplar (Ralph et al., 2012) and in our rice reported here were both generated 448 

primarily at the expense of G units rather than S units, whereas H-enriched lignins in C3ˊH-449 

downregulated Arabidopsis (Bonawitz et al., 2014) and alfalfa (Ralph et al., 2006) were primarily 450 

produced at the expense of S units. The coupling preference of H units in lignin polymerization is 451 

DOI: 10.1111/tpj.13988



18 
 

substantially different from that of S units but relatively similar to that of G units: both H and G units 452 

can couple via β–5 (from monomer-monomer and monomer-oligomer reactions) and 5–5 (from 453 

oligomer-oligomer reactions) coupling modes whereas S units cannot (Ralph et al., 2004). In addition, 454 

large proportions of β–O–4 linkages observed in our C3´H-knockdown rice lignins might be also 455 

associated with the polymerization characteristics of the augmented tricin units (Figure 5B), as it has 456 

been established that tricin incorporates into lignin polymers exclusively via 4ˊ–O–β coupling upon 457 

lignification in grass cell walls (Lan et al., 2015). 458 

 459 

Enrichment of H lignins upon C3ˊH-downregulation is likely limited within non-acylated units  460 

DFRC further provided useful information about the lignin γ-acylation status, an important feature of 461 

grass cell walls (Lu and Ralph, 1999; Petrik et al., 2014). Interestingly, our analysis determined that 462 

the enrichment of H lignins in our C3ˊH-knockdown rice had been provoked preferentially at the 463 

expense of non-acylated G and S units rather than that of γ-p-coumaroylated G and S units (Table 2: 464 

Table S4). It was also found that the augmented H units in our C3´H-knockdown rice lignins were 465 

mostly non-acylated (Table 2; Table S4). Lignin γ-acylation in grass cell walls mainly arise from 466 

incorporation of γ-p-coumaroylated monolignols into the lignin. γ-p-Coumaroylated monolignols are 467 

synthesized via acylation of monolignols catalyzed by a grass-specific acyltransferase, PMT (Figure 468 

1), using pCA-CoA as an acyl-donor (Withers et al., 2012; Petrik et al., 2014). Previous biochemical 469 

studies showed that rice PMT (OsPMT) has a sufficient catalytic activity in the acylation of p-coumaryl 470 

alcohol to produce p-coumaryl p-coumarate as a monomer-conjugate for the formation of p-471 

coumaroylated H lignin units (Withers et al., 2012). Therefore, rice has an inherent ability to produce 472 

p-coumaroylated H lignins when local concentrations of p-coumaryl alcohol as a substrate are 473 

sufficient at the time and place that pCA is available for PMT. It is currently unknown why most of 474 

the enrichment of H units was apparently limited to non-acylated lignin units and why γ-p-475 

coumaroylated G and S units remained fairly abundant in the C3´H-knockdown rice lignins. Although 476 

further studies are required to provide any conclusive evidence of temporal and/or spatial explanations, 477 

our results may suggest existence of C3ˊH-independent pathway(s) associated with the formations of 478 

grass-specific γ-p-coumaroylated lignins.  479 
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 480 

C3ˊH-downregulated rice is remarkably reduced in wall cross-linking ferulates 481 

Another intriguing discovery in this study was that downregulation of C3ˊH also resulted in a drastic 482 

reduction in wall-bound FAs, providing evidence that C3ˊH is a requisite enzyme not only for the 483 

supply of G- and S-lignin monomers but also for that of wall-bound FAs. As aforementioned, the 484 

majority of FAs incorporated into grass cell walls are ester-linked to arabinoxylans (Ralph et al., 2010; 485 

Hatfield et al., 2017), whereas a small portion also occurs on lignins (Karlen et al., 2016). 486 

Feruloylations on arabinoxylans and lignins are both supposed to occur via actions of BAHD acyl-487 

CoA transferases using FA-CoA as an acyl-donor (Karlen et al., 2016; de Souza et al., 2018). Therefore, 488 

the reduction of wall-bound FAs in our C3ˊH-knockdown rice cell walls is likely a consequence of the 489 

truncation of the cinnamate/monolignol pathway that supply FA-CoA, not only for the formations of 490 

monolignols, but also for the formations of wall-bound FAs (Figure 1). Upon lignification, FAs on 491 

arabinoxylans individually cross-couple with each other as well as with monolignols and growing 492 

lignin polymers, and covalently cross-link grass cell walls (Ralph, 2010). Attempts to identify and 493 

modify genes to reduce the formation of wall-cross-linking FAs have been pursued especially because 494 

such cross-linking between hemicelluloses and lignins is considered to negatively affect the forage 495 

quality as well as the production of fermentable sugars from grass biomass (de Oliveira et al., 2015; 496 

Hatfield et al., 2017). Only recently has a specific BAHD acyl-CoA transferase been implicated in the 497 

feruloylation of arabinoxylans in the model grass Setaria viridis (de Souza et al., 2018). Our study 498 

firmly establish that downregulation of C3ˊH can be an effective way to not only manipulate lignins 499 

but also to reduce wall-cross-linking FAs in grass cell walls. 500 

 501 

Downregulation of C3ˊH can be beneficial for the grass biorefinery 502 

Our C3´H-knockdown rice displayed remarkably enhanced enzymatic saccharification efficiency, 503 

which can be attributed to multiple factors associated with the altered cell walls discussed above. First, 504 

as mentioned above, the reductions in wall-cross-linking FAs should positively affect the 505 

saccharification of C3ˊH-knockdown rice cell walls, logically by reducing the interactions between 506 

polysaccharides and lignins. In fact, previous studies with artificial cell wall models (Grabber et al., 507 
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1998a, b; 2009) as well as with plants harboring various levels of FA (Lam et al., 2003; Piston et al., 508 

2010; Buanafina et al., 2016; Reem et al., 2016; de Souza et al., 2018) have shown negative 509 

correlations between the abundancy of wall-bound FAs and the degradability of grass cell wall. On the 510 

other hand, enriched H lignins themselves might also affect the cell wall recalcitrance. It was reported 511 

that Arabidopsis med5a med5b ref8 mutant containing exclusively H lignins displayed a significantly 512 

enhanced saccharification efficiency even though the mutant had a wild-type lignin level (Bonawitz et 513 

al., 2014; Shi et al., 2016). Although it remains unclear how H lignin boosts cell wall saccharification, 514 

a recent structural study using X-ray microdiffraction suggested that the orientation and order of 515 

cellulose fibrils were disrupted in the med5a med5b ref8 mutant cell walls and that such loss of 516 

cellulosic order might allow more efficient cell wall degradation (Liu et al., 2016). Furthermore, 517 

although the impact of C3ˊH-deficiency on total lignin content in rice remains unclear (see above), 518 

reduced lignin content in culm of our C3ˊH-knockdown rice (as determined by Klason lignin analysis) 519 

could also contribute to improving saccharification efficiency. Enhanced saccharification in lignin-520 

depleted cell walls has been well documented in the literature. With rice, our group has reported 521 

reduced biomass recalcitrance for CAD- (Koshiba et al., 2013a), CAldOMT- (Koshiba et al., 2013b), 522 

and FNSII-downregulated (Lam et al., 2017) rice plants which all displayed decreased lignin content. 523 

Besides enhancing the production of fermentable sugars from biomass, simplification of lignin 524 

aromatic structures through manipulation of C3ˊH or other lignin biosynthetic genes associated with 525 

lignin monomer composition may find beneficial applications in converting lignins into lignin-based 526 

solid fuels or valuable aromatic materials (Rinaldi et al., 2016; Koshiba et al., 2017; Umezawa, 2018). 527 

For example, a decrease in the degree of lignin methoxylation contributes to an increase in the biomass 528 

carbon/oxygen ratio and leads to greater heat energy release upon biomass combustion (White 1987; 529 

Silva et al., 2012; Saidi et al., 2014; Takeda et al., 2017; Umezawa, 2018). Lignins enriched in H units 530 

could therefore be suited in solid biofuel applications or to producing less functionalized monomers. 531 

To further explore the applicability of the regulations of C3ˊH expression to engineering grass cell 532 

walls for the future biorefinery, a more comprehensive analysis of the relationship between C3ˊH-533 

suppression and plant growth performance under various stress conditions should be carefully 534 

examined. In addition, more detailed studies of C3ˊH-associated metabolism in rice, and the 535 
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differences between those in eudicots and other monocots, as well as physical and chemical properties 536 

of the modified lignocellulose are worthy of further investigation.  537 

 538 

EXPERIMENTAL PROCEDURES 539 

Bioinformatics 540 

Protein sequence data were retrieved from Cytochrome P450 homepage (Nelson, 2009) or Phytozome 541 

(Goodstein et al., 2012). Sequence alignment and phylogenetic analysis were performed using Clustal 542 

X2 (Larkin et al., 2007) and NJ plot (Perrière et al., 1996). Microarray based gene expression data 543 

were retrived from the Rice Expression Profile Database (RiceXPro) (Sato et al., 2013). 544 

 545 

Generation of transgenic rice plants 546 

OsC3ˊH1-KD and OsC3ˊH1-KO rice plants were generated by RNAi (Hattori et al., 2012) and 547 

CRISPR/Cas9 (Mikami et al., 2015) approaches, respectively, and grown in a greenhouse or in a 548 

growth chamber, as described previously (Koshiba et al., 2013a, b; Lam et al., 2017) and as further 549 

described in SI Materials and Methods. Oligonucleotides used for vector construction, genotyping, off-550 

target analysis, and gene expression assay are listed in Table S1.  551 

 552 

Cell wall analysis 553 

Preparation of transverse cross sections and phloroglucinol-HCl staining were performed as described 554 

in SI Materials and Methods. Extractive free cell wall residues, CWRs, for chemical analysis were 555 

prepared according to Yamamura et al., (2012) and further processed for NMR analysis according to 556 

Mansfield et al., (2012) and Tobimatsu et al., (2013) as described in SI Materials and Methods. Klason 557 

lignin assay (Hatfield et al., 1994), thioglycolic acid lignin assay (Suzuki et al., 2009), thioacidolysis 558 

(Yamamura et al., 2011; Yue et al., 2012), DFRC (Smith et al., 2017; Regner et al., 2018), DFRC-Pr 559 

(Karlen et al., 2017), determination of cell-wall-bound pCA and FA content (Yamamura et al., 2012), 560 

and amorphous and crystalline neutral sugar composition analysis (Lam et al., 2017) were performed 561 

largely according to literature methods and as further described in SI Materials and Methods. 562 

Analytical parameters and MRM parameters used for DFRC analysis are shown in Table S6 and S7. 563 
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 564 

Two-dimensional NMR spectroscopy 565 

NMR spectra were acquired on a Bruker Biospin Avance III 800US system (Bruker Biospin, Billerica, 566 

MA, USA) equipped with a cryogenically cooled 5 mm TCI gradient probe. Adiabatic heteronuclear 567 

single-quantum coherence (HSQC) NMR experiments were carried out using standard implementation 568 

(“hsqcetgpsp.3”). The detailed NMR methods used were largely as described previously (Kim et al., 569 

2010; Mansfield et al., 2012; Lam et al., 2017; Tarmadi et al., 2018), and as further described in SI 570 

Materials and Methods. The relative HSQC NMR contour intensities listed in Figure 5B and 5C are 571 

expressed on an ½S + G + ½H = 100% and an I + I´ + II + II´ + ½III + ½III´= 100% basis, respectively. 572 

 573 

Enzymatic saccharification assay 574 

Enzymatic saccharification efficiency was determined by the method described previously (Hattori et 575 

al., 2012). Briefly, CWRs were destarched and subjected to enzymatic hydrolysis with an enzyme 576 

cocktail of Celluclast, Novozyme 188, and Ultraflo L (Novozymes, Bagsvaerd, Denmark) in a sodium 577 

citrate buffer (pH 4.8) at 50 ºC. Glucose concentration at each incubation time point was determined 578 

by Glucose CII test kit (Wako Pure Chemicals Industries, Osaka, Japan) according to manufacturer’s 579 

instructions. 580 

 581 
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 885 
Table 1. Growth characteristics of wild-type (WT) and OsC3ˊH1-knockdown (OsC3ˊH1-KD-a and 886 
OsC3ˊH1-KD-b) rice plants.  887 
 888 

Trait WT OsC3ˊH1-KD-a OsC3ˊH1-KD-b 

Plant height (cm)a 120.0 ± 1.82 110.3 ± 1.78* 113.3 ± 5.30* 

Culm length (cm) 83.3 ± 2.29 66.6 ± 3.57* 71.0 ± 2.29* 

Panicle length (cm) 24.2 ± 1.55 20.9 ± 0.90* 24.1 ± 1.17 

Tiller number 14.6 ± 2.41 17.2 ± 1.30 14.0 ± 1.87 

Biomass weight (g)b 23.6 ± 3.32 20.0 ± 0.94 20.0 ± 1.31 

1,000-grain weight (g) 23.2 ± 0.54 23.2 ± 0.59 23.2 ± 0.37 

Spikelet fertility 0.74 ± 0.04 0.40 ± 0.04* 0.35 ± 0.04* 

 889 
Values are means ± standard deviation (SD) from different plants (n = 5), and asterisks (*) indicate 890 
significant difference from wild-type plants (Student’s t-test, p < 0.01). aLength from cotyledonary 891 
node to the tip of top leaf. bDry weight of aerial parts excluding panicles. 892 
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Table 2. Yields of thioacidolysis and DFRC monomers released from three organs from wild-type (WT) and OsC3ˊH1-knockdown (OsC3ˊH1-893 
KD-a and OsC3ˊH1-KD-b) rice plants. 894 

Values are means ± standard deviation (SD) from individually analyzed plants (n = 3 for thioacidolysis and n = 2 for DFRC), and asterisks (*) 895 
indicate significant difference from wild-type plant (Student’s t-test, p < 0.01). ND, signifies not detected. HDFRC-total = HDFRC-OH + HDFRC-pCA + 896 
HDFRC-Ac + HDFRC-FA; GDFRC-total = GDFRC-OH + GDFRC-pCA + GDFRC-Ac + GDFRC-FA; SDFRC-total = SDFRC-OH + SDFRC-pCA + SDFRC-Ac + SDFRC-FA.  897 

 
Culm Leaf blade Leaf sheath 

WT OsC3ˊH1-KD-a OsC3ˊH1-KD-b WT OsC3ˊH1-KD-a OsC3ˊH1-KD-b WT OsC3ˊH1-KD-a OsC3ˊH1-KD-b 

 Thioacidolysis-derived monomer yield (µmol/g CWR) 

Hthio 6.09 ± 0.19 18.36 ± 1.77* 19.69 ± 1.03* 1.43 ± 0.36 4.56 ± 0.30* 5.43 ± 0.54* 2.82 ± 0.04 15.84 ± 0.53* 14.78 ± 1.59* 

Gthio 54.51 ± 4.77 5.38 ± 0.77* 5.69 ± 0.37* 18.74 ± 1.66 4.08 ± 0.41* 2.89 ± 0.28* 54.91 ± 0.73 4.12 ± 0.28* 3.93 ± 0.28* 

Sthio  50.58 ± 6.50 25.14 ± 3.91* 28.82 ± 2.14* 10.91 ± 0.54 4.79 ± 0.66* 4.71 ± 0.60* 28.47 ± 0.94 13.65 ± 0.74* 13.01 ± 1.03* 

Total  111.19 ± 9.14 48.88 ± 5.27* 54.20 ± 2.86* 31.07 ± 2.14 13.43 ± 1.36* 13.04 ± 1.41* 86.20 ± 1.60 33.62 ± 1.55* 31.72 ± 2.88* 

 DFRC-derived monomer yield (µmol/g CWR) 

HDFRC-OH  5.22 ± 0.18 16.78 ± 0.99 16.47 ± 0.59 1.55 ± 0.03 7.47 ± 0.31 6.85 ± 0.36 3.26 ± 0.19 14.55 ± 1.02 15.58 ± 0.21 

GDFRC-OH 50.51 ± 0.68 2.13 ± 0.16 5.54 ± 0.37 38.74 ± 0.38 3.06 ± 0.04 11.68 ± 0.06 55.61 ± 1.47 2.23 ± 0.23 6.13 ± 0.24 

SDFRC-OH 8.35 ± 0.10 2.03 ± 0.14 2.65 ± 0.20 8.43 ± 0.05 1.83 ± 0.13 2.57 ± 0.09 8.52 ± 0.09 3.06 ± 1.53 2.32 ± 0.16 

HDFRC-pCA 0.03 ± 0.00 0.65 ± 0.15 0.75 ± 0.11 ND 0.05 ± 0.01 0.04 ± 0.00 0.01 ± 0.00 0.42 ± 0.14 0.36 ± 0.04 

GDFRC-pCA  1.78 ± 0.03 2.03 ± 0.24 2.36 ± 0.08 0.18 ± 0.00 0.28 ± 0.03 0.25 ± 0.03 1.25 ± 0.10 0.94 ± 0.18 1.10 ± 0.02 

SDFRC-pCA 17.27 ± 0.21 16.19 ± 2.51 13.74 ± 1.69 3.09 ± 0.07 2.98 ± 0.35 2.32 ± 0.10 10.91 ± 0.82 7.78 ± 1.86 6.35 ± 0.44 

HDFRC-Ac 0.34 ± 0.01 0.58 ± 0.03 0.57 ± 0.02 0.21 ± 0.00 0.48 ± 0.02 0.44 ± 0.02 0.30 ± 0.02 0.45 ± 0.03 0.48 ± 0.01 

GDFRC-Ac  2.15 ± 0.03 0.34 ± 0.03 0.90 ± 0.06 2.09 ± 0.02 0.24 ± 0.00 0.93 ± 0.00 1.70 ± 0.05 0.32 ± 0.03 0.88 ± 0.03 

SDFRC-Ac ND ND ND ND ND ND ND ND ND 

HDFRC-FA ND ND ND ND ND ND ND ND ND 

GDFRC-FA 0.01 ± 0.00 ND ND 0.01 ± 0.00 ND ND 0.01 ± 0.00 ND ND 

SDFRC-FA 0.05 ± 0.00 ND ND 0.01 ± 0.00 ND ND 0.04 ± 0.01 ND ND 

HDFRC-total 5.59 ± 0.27 18.01 ± 1.67 17.79 ± 0.71 1.77 ± 0.05 8.00 ± 0.46 7.33 ± 0.55 3.57 ± 0.30 15.42 ± 1.69 16.42 ± 0.36 

GDFRC-total 54.45 ± 1.05 4.50 ± 0.60 8.80 ± 0.72 41.02 ± 0.57 3.58 ± 0.10 12.86 ± 0.13 58.57 ± 2.00 3.49 ± 0.62 8.11 ± 0.41 

SDFRC-total 25.67 ± 0.15 18.22 ± 3.75 16.39 ± 2.66 11.53 ± 0.18 4.81 ± 0.67 4.90 ± 0.26 19.47 ± 1.29 10.84 ± 4.79 8.67 ± 0.40 

Total 85.70 ± 1.17 40.74 ± 6.02 42.98 ± 2.67 54.32 ± 0.45 16.40 ± 1.23 25.09 ± 0.93 81.60 ± 0.41 29.76 ± 7.10 33.21 ± 0.35 
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FIGURE LEGENDS 898 

Figure 1. Proposed phenylpropanoid pathway in grasses.  899 

PAL, phenylalanine ammonia-lyase; PTAL, bifunctional phenylalanine tyrosine ammonia-lyase; C4H, 900 

cinnamate 4-hydroxylase; 4CL, 4-coumaroyl-CoA ligase; HCT, p-hydroxycinnamoyl-CoA: shikimate 901 

p-hydroxycinnamoyl transferase; C3ˊH, p-coumaroyl ester 3-hydroxylase; CSE, caffeoyl shikimate 902 

esterase; CCoAOMT, caffeoyl-CoA O-methyltransferase; CAld5H, coniferaldehyde 5-hydroxylase 903 

(=F5H, ferulate 5-hydroxylase); CAldOMT, 5-hydroxyconiferaldehyde O-methyltransferase (= 904 

COMT, caffeic acid O-methyltransferase); CCR, cinnamoyl-CoA reductase; CAD, cinnamyl alcohol 905 

dehydrogenase; PMT, p-coumaroyl-CoA: monolignol transferase; FMT, feruloyl-CoA: monolignol 906 

transferase; LAC, laccase; PRX, peroxidase. 907 

 908 

Figure 2. Genotype, phenotype, and cell wall anatomy of wild-type (WT), OsC3´H1-knockdown 909 

(OsC3´H1-KD-a and OsC3´H1-KD-b), and OsC3´H1-knockout (OsC3´H1-KO-a and OsC3´H1-KO-910 

b) plants.  911 

(A) Gene expression of OsC3´H1 in flag leaves of wild-type and OsC3´H1-KD plants at heading stage. 912 

Values are means (n = 3). Error bars represent the range of the values. Asterisks (*) indicate significant 913 

difference from wild-type plant (Student’s t-test, p < 0.01).  914 

(B) Morphological phenotype at the ripening stage (upper) and histochemical analysis of culm stained 915 

with phloroglucinol-HCl reagents (lower) for wild-type and OsC3´H1-KD plants. VB, vascular 916 

bundle; CF, cortical fiber. White bars = 10 cm. Black bars = 200 µm.  917 

(C) Gene structure of OsC3´H1 in wild-type and OsC3´H1-KO plants used in this study. The sgRNA 918 

target (magenta color), protospacer adjacent motif (PAM; underlined), inserted nucleotide (blue color), 919 

and deleted nucleotide (-) sequences are highlighted. 920 

(D) Morphological phenotype of wild-type and OsC3´H1-KO plants at 3 weeks after germination. Bar 921 

= 2 cm. 922 

 923 

Figure 3. Lignin-derived products released by thioacidolysis, DFRC, and DFRC-Pr methods.  924 
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Both thioacidolysis and DFRC cleave β–O–4 linkages in the lignin polymer and release H-, G-, and 925 

S-type monomeric products. DFRC cleaves β–O–4 linkages while leaving γ-ester linkages intact and 926 

consequently releases quantifiable γ-hydroxycinnamoylated products from their corresponding lignin 927 

units, along with non-hydroxycinnamoylated products from non-acylated γ-OH or γ-Ac lignin units. 928 

Under the DFRC-Pr conditions, γ-acetylated products specifically derived from γ-Ac lignin units can 929 

be quantified and distinguished from γ-propionylated products from non-acylated γ-OH lignin units. 930 

 931 

Figure 4. Chemical lignin analytical data of wild-type (WT) and OsC3´H1-knockdown (OsC3´H1-932 

KD-a and OsC3´H1-KD-b) plants.  933 

(A) Lignin content determined by Klason lignin assay. Values are expressed as total of acid-insoluble 934 

(ash-free basis) and acid-soluble lignin content (also see Table S5).  935 

(B and C) Cell-wall-bound p-coumarate (B) and ferulate (C) contents determined via mild alkaline 936 

hydrolysis.  937 

(D and E) Enzymatic saccharification of cell walls after 48 h enzymatic hydrolysis. The 938 

saccharification efficiency is expressed as glucose yield per total glucan (D) or as glucose yield per 939 

cell wall residue (CWR) (E).  940 

Values are means ± standard deviation (SD) from individually analyzed cell wall samples (n = 3). 941 

Asterisks (*) indicate significant differences from wild-type plants (Student’s t-test, p < 0.01). 942 

 943 

Figure 5. Aromatic (A and B) and aliphatic (C) sub-regions of short-range 1H–13C correlation (HSQC) 944 

NMR spectra of ball-milled whole cell walls (A) and lignin-enriched cell walls (B and C) from culm 945 

tissues of wild-type (WT) and OsC3ˊH1-knockdown (OsC3ˊH1-KD-a and OsC3ˊH1-KD-b) rice plants.  946 

Volume-integrals are given for the lignin aromatic and substructure units that are color-coded to match 947 

their assignments in the spectrum and expressed as percentages of the total of S, G, and H aromatic 948 

units and the total of I, I´, II, II´, III, and III´ side-chain structures, respectively. 949 
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Figure 1. Proposed phenylpropanoid pathway in grasses.  

PAL, phenylalanine ammonia-lyase; PTAL, bifunctional phenylalanine tyrosine ammonia-lyase; C4H, cinnamate 4-

hydroxylase; 4CL, 4-coumaroyl-CoA ligase; HCT, p-hydroxycinnamoyl-CoA: shikimate p-hydroxycinnamoyl 

transferase; C3´H, p-coumaroyl ester 3-hydroxylase; CSE, caffeoyl shikimate esterase; CCoAOMT, caffeoyl-CoA 

O-methyltransferase; CCR, cinnamoyl-CoA reductase; CAld5H, coniferaldehyde 5-hydroxylase (=F5H, ferulate 5-

hydroxylase); CAldOMT, 5-hydroxyconiferaldehyde O-methyltransferase (=COMT, caffeic acid O-

methyltransferase); CAD, cinnamyl alcohol dehydrogenase; PMT, p-coumaroyl-CoA: monolignol transferase; FMT, 

feruloyl-CoA: monolignol transferase; LAC, laccase; PRX, peroxidase. 
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Figure 2. Genotype, phenotype, and cell wall anatomy of wild-type (WT), OsC3´H1-knockdown (OsC3´H1-KD-a 

and OsC3´H1-KD-b), and OsC3´H1-knockout (OsC3´H1-KO-a and OsC3´H1-KO-b) plants.  

(A) Gene expression of OsC3´H1 in flag leaves of wild-type and OsC3´H1-KD plants at heading stage. Values are 

means (n = 3). Error bars represent the range of the values. Asterisks (*) indicate significant difference from wild-

type plant (Student’s t-test, p < 0.01).  

(B) Morphological phenotype at the ripening stage (upper) and histochemical analysis of culm stained with 

phloroglucinol-HCl reagents (lower) for wild-type and OsC3´H1-KD plants. VB, vascular bundle; CF, cortical fiber. 

White bars = 10 cm. Black bars = 200 µm.  

(C) Gene structure of OsC3´H1 in wild-type and OsC3´H1-KO plants used in this study. The sgRNA target (magenta 

color), protospacer adjacent motif (PAM; underlined), inserted nucleotide (blue color), and deleted nucleotide (-) 

sequences are highlighted. 

(D) Morphological phenotype of wild-type and OsC3´H1-KO plants at 3 weeks after germination. Bar = 2 cm. 
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Figure 3. Lignin-derived products released by thioacidolysis, DFRC, and DFRC-Pr methods.  

Both thioacidolysis and DFRC cleave β–O–4 linkages in the lignin polymer and release H-, G-, and S-type 

monomeric products. DFRC cleaves β–O–4 linkages while leaving γ-ester linkages intact and consequently releases 

quantifiable γ-hydroxycinnamoylated products from their corresponding lignin units, along with non-

hydroxycinnamoylated products from non-acylated γ-OH or γ-Ac lignin units. Under the DFRC-Pr conditions, γ-

acetylated products specifically derived from γ-Ac lignin units can be quantified and distinguished from γ-

propionylated products from non-acylated γ-OH lignin units. 
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Figure 4. Chemical lignin analytical data of wild-type (WT) and OsC3´H1-knockdown (OsC3´H1-KD-a and 

OsC3´H1-KD-b) plants. 

(A) Lignin content determined by Klason lignin assay. Values are expressed as total of acid-insoluble (ash-free basis) 

and acid-soluble lignin content (also see Table S5). 

(B and C) Cell-wall-bound p-coumarate (B) and ferulate (C) contents determined via mild alkaline hydrolysis. 

(D and E) Enzymatic saccharification of cell walls after 48 h enzymatic hydrolysis. The saccharification efficiency 

is expressed as glucose yield per total glucan (D) or as glucose yield per cell wall residue (CWR) (E). 

Values are means ± standard deviation (SD) from individually analyzed cell wall samples (n = 3). Asterisks (*) 

indicate significant differences from wild-type plants (Student’s t-test, p < 0.01). 
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Figure 5. Aromatic (A and B) and aliphatic (C) sub-regions of short-range 1H–13C correlation (HSQC) NMR spectra 

of ball-milled whole cell walls (A) and lignin-enriched cell walls (B and C) from culm tissues of wild-type (WT) and 

OsC3ˊH1-knockdown (OsC3ˊH1-KD-a and OsC3ˊH1-KD-b) rice plants.  

Volume-integrals are given for the lignin aromatic and substructure units that are color-coded to match their 

assignments in the spectrum and expressed as percentages of the total of S, G, and H aromatic units and the total of 

I, I´, II, II´, III, and III´ side-chain structures, respectively. 
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