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A B S T R A C T   

Recent analyses of cell wall components of various grass mutant and transgenic lines have provided information 
on characteristic transcriptional regulation of cell wall formation in grasses, although its knowledge yet remains 
limited compared with that for eudicot cell wall formation. MYB transcription factors, which are regarded as 
downstream regulators operating under NAM, ATAF1/2, and CUC2 (NAC) domain transcription factors, have 
been suggested to be involved in direct regulation of cell wall biosynthesis. In this review, we discuss MYB- 
mediated transcriptional regulation of the biosynthesis of grass lignins, including grass-specific lignin compo
nents such as γ-acyl groups and flavone tricin units. Grass mutant and transgenic lines harboring modified cell- 
wall-associated MYB genes display altered composition of the γ-acylated and tricin-incorporated lignin units 
and/or modified expression of enzyme genes involved in the formation of these grass-specific lignin components 
along with conserved monolignol biosynthetic genes. These findings implicate important roles for MYB tran
scription factors in coordinated regulation of grass lignin biosynthesis including γ-acylated and tricin- 
incorporated lignin biosynthesis.   

1. Introduction 

Lignocellulose, which is derived mainly from secondary cell walls of 
vascular plants, is the most abundant renewable raw materials for fuels, 
woody materials, and paper feedstocks [1]. A large proportion of the 
wood biomass used as fuels, which comprises almost half of the world’s 
annual wood consumption, is derived from natural forests, which has 
accelerated deforestation predominantly in developing countries [1]. 
Non-wood lignocelluloses derived from agricultural wastes (e.g., grass 
straws and herbaceous fibers) and grass biomass plants [e.g., Miscanthus 
spp. and switchgrass (Panicum virgatum)] are an additional promising 
source of lignocellulosic biomass [2]. Other large grass species, such as 
sugarcane (Saccharum spp.), Erianthus spp., sorghum (Sorghum bicolor), 
and bamboos are also potent biomass feedstocks [1–7]. In general, 
delignification efficiency of grass biomass is higher than that of tree 
biomass [1], which might be beneficial for fractionation of lignins and 
cell-wall polysaccharides toward biorefinery processes. Utilization of 
grass lignocellulose is therefore important to reduce current deforesta
tion and to meet future demands of lignocellulosic biomass for bio
refinery applications. 

Lignin, a major component (15 %–30 %) of lignocellulosic biomass, 
is a phenylpropanoid polymer filling the interspace of cell-wall 

polysaccharides, i.e., cellulose and hemicelluloses in the secondary cell 
walls of vascular plants [8–11]. Lignin plays essential roles in plant 
growth, such as provision of mechanical support, water transport, and 
abiotic/biotic stress management [8–10]. However, lignin acts as a 
major obstacle for the efficient use of lignocellulosic polysaccharides (e. 
g., pulping and fermentable sugar production), hence plant biomass 
with reduced and/or easily removable lignins is advantageous [12–17]. 
On the other hand, lignin is also regarded as a valuable source of aro
matic chemicals [18–21] and contributes primarily to the increased 
heating value of lignocellulosic biomass [1], which has in turn promoted 
generation of lignin-enriched plants [22–27]. 

Because of the importance of grass lignocelluloses, structure and 
biosynthesis of grass lignins have been intensively studied. Grass lignins 
incorporate several unique units [17,28], although they share the three 
monolignol-derived aromatic units, i.e., p-hydroxyphenyl (H), guaiacyl 
(G), and syringyl (S) aromatic units [8–11] with eudicot lignins. One of 
the typical grass lignin units is tricin (T) units derived from incorpora
tion of a flavone tricin into lignin polymers as a nucleation site [29,30], 
although T lignins are also cell wall constituents of certain non-grass 
monocots and the eudicots such as Medicago truncatula and alfalfa 
(Medicago sativa) albeit at much lower abundances [31,32]. Genes that 
encode enzymes associated with T lignin biosynthesis of maize (Zea 
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mays) [33,34], sorghum [35], and rice (Oryza sativa) [36–38] have been 
identified. Another unique component of grass lignins is ester-linked 
p-coumarate (pCA) at the γ-position of the lignin backbones, arising 
from the incorporation of γ-p-coumaroylated monolignols which serve 
as grass-specific lignin monomers [39–41]. In addition, ferulate 
(FA)-bound lignin units derived from analogous γ-feruloylated mono
lignols are present in grass lignins [42], although the majority of FAs is 
linked to arabinoxylans, which are hemicellulosic polysaccharides 
typical of grasses [43,44]. Such γ-p-coumaroylated and γ-feruloylated 
monolignols are synthesized by the actions of BAHD acyltransferase 
enzymes, i.e., p-COUMAROYL-COA:MONOLIGNOL ACYLTRANSFER
ASE (PMT) [39–41] and FERULOYL-CoA:MONOLIGNOL ACYL
TRANSFERASE (FMT) [42], respectively. These grass lignin components 
– T, pCA, and FA – are a potent source of beneficial physiologically active 
substances [30,31,45]. In addition, T-truncated rice cell walls are sac
charified more efficiently by enzymatic hydrolysis than the wild-type 
lignocellulose [36,37] and pCA introduction to eudicot Arabidopsis 
thaliana lignins improves their solubility in a mild alkaline solution [46]. 
Thus, grass lignin structures have attracted substantial attention with 
regard to their contribution to enhanced applications of grass biomass as 
well as their physiological functions. 

Transcriptional regulation of secondary cell wall formation has been 
extensively studied using eudicot and grass species from a biomass 
breeding perspective, although fewer studies have been conducted on 
grass species than on eudicots. Secondary cell-wall-associated NAM, 
ATAF1/2, and CUC2 (NAC) domain transcription factors such as 
VASCULAR-RELATED NAC-DOMAIN (VND7) and NAC SECONDARY 
WALL THICKENING PROMOTING FACTOR (NST3)/SECONDARY 
WALL-ASSOCIATED NAC DOMAIN PROTEIN (SND1), which act as 
triggers for differentiation of xylem and fiber cells, are accepted as 
master switches for secondary cell wall formation [47–57]. The master 
switches directly regulate expressions of downstream transcription fac
tor genes, which are associated with regulation of lignin and cell-wall 
polysaccharide biosynthesis. On the other hand, the master switch 
NAC genes are directly or indirectly regulated by various other tran
scription factors including WRKYs [58–62], basic helix-loop-helix 
(bHLH) MYC2 and MYC4 [63] and a E2 factor (E2F) E2Fc [64] as well 
as downstream MYB transcription factors [52]. Many recent works have 
manipulated the upstream cell-wall regulators for modification [27,59, 
61,65–67] and reconstruction [68,69] of lignocelluloses. 

Cell-wall-associated MYB transcription factors, which are major 
downstream regulators operating under NAC transcription factors, have 
been intensively studied using eudicot species such as Arabidopsis [52, 
54,70–72], Populus spp. [73–77], Eucalyptus gunnii [78,79] and Antir
rhinum majus [80]. On the other hand, although our understanding of 
the functions of cell-wall-associated MYB transcription factors in grasses 
is still considerably limited, recent studies have highlighted distinct 
functions of grass MYBs compared with those of eudicot MYBs [56]. In 
this review, we focus on characterization of grass cell walls with 
modified expression and/or knockout of cell-wall-associated MYB genes, 
and discuss the association of a MYB-mediated regulatory network with 
grass cell wall biosynthesis, which may provide information for guiding 
the future direction of grass biomass breeding toward biorefinery 
applications. 

2. Functions of MYB activators are partially shared in 
Arabidopsis and grasses 

In plants, R2R3-type MYB transcription factors play important roles 
in the biosynthesis of phenylpropanoids, such as monolignols (major 
lignin precursors), and flavonoids [81–83]. In the eudicot Arabidopsis, 
AtMYB46 and AtMYB83 (MYB46/83 clade, Fig. 1a) are directly upre
gulated by the master switches (NACs), and redundantly activate sec
ondary cell wall formation in xylem vessels and fibers [84–86] (Table 1). 
AtMYB85 (MYB42/85 clade, Fig. 1a) [72], and AtMYB58 and AtMYB63 
(MYB58/63 clade, Fig. 1a) [87] have been regarded as further 

downstream regulators. AtMYB85, AtMYB58, and AtMYB63 can target 
and/or upregulate lignin biosynthetic genes in Arabidopsis (Table 1), but 
do not upregulate genes involved in cell-wall polysaccharide biosyn
thesis and flavonoid biosynthesis [72,87], which indicates that 
AtMYB85, AtMYB58, and AtMYB63 act as lignin-specific activators in 
Arabidopsis. 

The functions of these MYB transcription factors as a lignin activator 
may be conserved in Arabidopsis and grasses. Rice OsMYB46, maize 
ZmMYB46, and switchgrass PvMYB46 (PvMYB46A) (MYB46/83 clade, 
Fig. 1a) can act as a functional ortholog of AtMYB46 and AtMYB83 in 
Arabidopsis [88,89] (Table 1). Rice OsMYB42/85 and OsMYB58/63 
(Fig. 1a) overexpression augments the intensity of phloroglucinol− HCl 
staining, which detects cinnamaldehyde end-groups in lignin polymers, 
of vascular bundles and sclerenchyma fibers, and elevates the expression 
level of at least one lignin biosynthetic gene encoding CINNAMYL 
ALCOHOL DEHYDROGENASE (CAD) [90] (Table 1). Switchgrass 
PvMYB42/85 (PvMYB42/85A) and PvMYB58/63 (PvMYB58/63A) 
overexpression increases lignin content, lignin S/G ratio, and expression 
levels of lignin biosynthetic genes, such as those encoding FERULATE 
5-HYDROXYLASE (F5H) or CONIFERALDEHYDE 5-HYDROXYLASE 
(CAld5H) [61]. 

Maize ZmMYB167, which belongs to the MYB42/85 clade (Fig. 1a), 
upregulates lignin biosynthesis in Brachypodium and maize [91] 
(Table 1). However, ZmMYB167 expression distinctly impacts on plant 
growth, tissue-specific lignification, and lignin S/G ratio of the two 
species [91]. In addition, ZmMYB167 overexpression decreases glucose 
yield from enzymatic hydrolysis of Brachypodium, whereas the glucose 
yield from maize is unchanged [91], which may reflect structural dif
ferences of lignocelluloses from the two transformants. 

In sorghum, SbMYB60, which encodes a protein in the MYB58/63 
clade (Fig. 1a), has been manipulated for grass biomass valorization. 
Overexpression of SbMYB60 upregulates monolignol biosynthetic genes 
and enhances accumulation of lignins, especially S lignins, and soluble 
phenolics, including caffeic, ferulic, and sinapic acids [22] (Table 1). 
SbMYB60 overexpression substantially elevates the calorific value 
(100 cal g–1 on average among transgenic lines) of sorghum biomass, 
which is possibly due to increased contents of lignin and soluble phe
nolics [22]. SbMYB60 overexpression also activates primary carbon 
metabolism, which suggests that SbMYB60 can shunt carbon sources 
toward phenylpropanoid biosynthesis [24]. However, it should be noted 
that sorghum overexpressing SbMYB60 shows growth reduction [22], 
which is similar to rice overexpressing OsMYB58/63 [90] and switch
grass overexpressing PvMYB58/63 [61]. The growth reduction might be 
linked to excess lignification and/or metabolic changes [22,24]. In 
addition, SbMYB60 overexpression improves resistance of sorghum 
against a major pathogen, Fusarium thapsinum, under greenhouse con
ditions, although it is ineffective under field conditions [25]. 

Genes that encode SECONDARY WALL ASSOCIATED MYBs 
(SWAMs) (Fig. 1a) have been found in grasses and eudicots but not in 
Brassicaceae, including Arabidopsis [92]. Brachypodium distachyon 
BdSWAM1 interacts with promoters of cellulose and lignin biosynthetic 
genes and activates secondary cell wall thickening [92] (Table 1). 
BdSWAM1 overexpression enhances biomass accumulation, whereas 
BdSWAM1 dominant repression improves bioethanol productivity [92]. 
SWAM transcription factors may strongly impact on secondary cell wall 
formation in grasses as well as eudicots, although they are not conserved 
in the Brassicaceae [92]. 

3. MYB58/63 is involved in cell-wall polysaccharide 
biosynthesis in grasses 

In addition to the function as a lignin activator, MYB58/63 proteins 
(Fig. 1a) may be associated with cell-wall polysaccharide biosynthesis in 
grasses (Table 1). For example, rice OsMYB58/63, as well as AtMYB63, 
activates secondary cell-wall-specific cellulose synthase gene OsCesA7 in 
rice protoplasts [93]. The cis-regulatory element AC-II, to which 
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Fig. 1. Phylogenetic analysis of cell- 
wall-associated R2R3-type MYB proteins 
(a) and schematic representation of the 
regulation of grass lignin biosynthesis by 
the MYB transcription factors (b). (a) The 
phylogenetic tree of amino acid se
quences that contain the R2R3 domains 
of MYB proteins from Arabidopsis thali
ana, poplar (Populus trichocarpa), Medi
cago truncatula, rice (Oryza sativa), maize 
(Zea mays), wheat (Triticum aestivum), 
sorghum (Sorghum bicolor), Brachypodium 
distachyon, and switchgrass (Panicum vir
gatum) were used for the analysis. The 
MYB proteins were classified into seven 
clades such as those containing AtMYB46 
and AtMYB83 (MYB46/83 clade), 
AtMYB42 and AtMYB85 (MYB42/85 
clade), AtMYB58 and AtMYB63 (MYB58/ 
63 clade), AtMYB55 and AtMYB61 
(MYB55/61 clade), AtMYB103 (MYB103 
clade), AtMYB4, AtMYB7, and AtMYB32 
(MYB4/7/32 clade), and BdSWAM1 
(SWAM clade). More detailed informa
tion on construction of the tree was 
described in the supplementary material. 
(b) Genes involved in monolignol 
biosynthesis (CAld5H/F5H and CAD), p- 
coumaroylated monolignol biosynthesis 
(PMT), flavonoid biosynthesis (CHS), and 
monolignol/tricin biosynthesis (CAl
dOMT) in grasses are upregulated or 
downregulated by manipulating MYB 
genes. Coloration of squares below 
enzyme genes matches that of MYB 
transcription factors that affect expres
sions of the genes.   

T. Miyamoto et al.                                                                                                                                                                                                                              



Current Plant Biology 24 (2020) 100174

4

Table 1 
Modifications of plant cell walls and gene expressions by manipulating MYB genes.  

MYB gene 
Impacts on cell wall and gene expression 

Knockout/Knockdown/Dominant repression Overexpression/Heterologous expression 

AtMYB46 
(At5g12870) 

Arabidopsis: cell wall thickness (↓) [84] Arabidopsis: ectopic lignification, lignin biosynthetic genes (↑), cell-wall 
polysaccharide biosynthetic genes (↑) [84] 

AtMYB83 
(At3g08500) 

Arabidopsis: cell wall thickness (↓) [85] Arabidopsis: ectopic lignification, lignin biosynthetic genes (↑), cell-wall 
polysaccharide biosynthetic genes (↑) [85] 

OsMYB46 
(LOC_Os12g33070)  

Arabidopsis: ectopic lignification, lignin biosynthetic gene 4CL (↑), cell- 
wall polysaccharide biosynthetic genes (↑) [88] 

ZmMYB46 
(JN634085)  

Arabidopsis: ectopic lignification, lignin biosynthetic gene 4CL (↑), cell- 
wall polysaccharide biosynthetic genes (↑) [88] 

PvMYB46 
(PvMYB46A; Pavir.J11191)  

Arabidopsis: ectopic lignification, lignin biosynthetic genes (↑), cell-wall 
polysaccharide biosynthetic genes (↑) [89]  

AtMYB85 
(At4g22680) 

Arabidopsis: cell wall thickness (↓), cell-wall polysaccharide content (↓) 
[72] 

Arabidopsis: ectopic lignification [72] 

OsMYB42/85 
(LOC_Os09g36250) 

Rice: lignin staining coloration (↓), lignin biosynthetic gene CAD (↓) 
[90] 

Rice: lignin staining coloration (↑), lignin biosynthetic gene CAD (↑) 
[90] 

PvMYB42/85 
(PvMYB42/85A; Pavir. 
Bb02654) 

Switchgrass: lignin biosynthetic genes (↓) [61] Switchgrass: lignin content (↑), lignin S/G (↑), lignin biosynthetic genes 
(↑), cell-wall polysaccharide biosynthetic genes (↓) [61] 

ZmMYB167 
(GRMZM2G037650)  

Brachypodium: ectopic lignification, lignin content (↑), lignin S/G (↑), 
pCA content (↑) [91] Maize: lignin content (↑), pCA content (↑), FA 
content (↑) [91]  

AtMYB58 
(At1g16490) 

Arabidopsis: cell wall thickness (↓), lignin monomer yield (↓) [87] Arabidopsis: ectopic lignification, lignin monomer yield (↑), lignin 
biosynthetic genes (↑) [87] 

AtMYB63 
(At1g79180) 

Arabidopsis: cell wall thickness (↓), lignin monomer yield (↓) [87] Arabidopsis: ectopic lignification, lignin monomer yield (↑), lignin 
biosynthetic genes (↑) [87] 
Rice: lignin content (↑) [23] 

OsMYB58/63 
(LOC_Os04g50770)  

Rice: lignin staining coloration (↑), lignin biosynthetic gene CAD (↑) 
[90] 

PvMYB58/63 
(PvMYB58/65A; Pavir. 
Gb00587) 

Switchgrass: lignin biosynthetic genes (↓) [61] Switchgrass: lignin content (↑), lignin S/G (↑), lignin biosynthetic genes 
(↑), cell-wall polysaccharide biosynthetic genes (↑), flavonoid 
biosynthetic genes (↑) [61] 

SbMYB60 
(Sobic.004G273800)  

Sorghum: ectopic lignification, lignin content (↑), lignin S/G (↑), soluble 
phenolic content (↑), cellulose staining coloration (↑), cellulose content 
(↓), xylan content (↓), lignin biosynthetic genes (↑), cell-wall 
polysaccharide biosynthetic genes (↑) [22,24]  

BdSWAM1 
(Bradi2g47590) 

Brachypodium: cell wall thickness (↓), lignin content (↓), lignin 
biosynthetic genes (↓), cell-wall polysaccharide biosynthetic genes (↓) 
[92] 

Brachypodium: cell wall thickness (↑), lignin biosynthetic gene CAld5H/ 
COMT (↑), cell-wall polysaccharide biosynthetic genes (↑) [92]  

AtMYB55 
(At4g01680)  

Rice: lignin content (↑) [23] 

AtMYB61 
(At1g09540) 

Arabidopsis cell wall thickness (↓), lignin staining coloration (↓) [94,95] Rice: lignin content (↑), lignin S/G (↑), pCA level (↑), tricin level (↑) [23] 
Arabidopsis: ectopic lignification [94,95] 

OsMYB55/61 
(OsMYB61a; 
LOC_Os01g18240) 

Rice: lignin staining coloration (↓), lignin content (↓), cellulose content 
(↓), mixed-linkage glucan content (↓), lignin biosynthetic genes (↓), cell- 
wall polysaccharide biosynthetic genes (↓) [90,97] 

Rice: lignin staining coloration (↑), lignin biosynthetic gene CAD (↑) 
[90]  

AtMYB103 
(At1g63910) 

Arabidopsis: cell wall thickness (↓), lignin S/G (↓), lignin biosynthetic 
gene CAld5H/F5H (↓) [72,98] 

Arabidopsis: cell wall thickness (↑) [72] 

OsMYB103 
(OsMYB103L; 
LOC_Os08g05520) 

Rice: lignin staining coloration (↓), cell-wall polysaccharide content 
(↓/↑), lignin biosynthetic gene CAD (↓), cellulose biosynthetic genes (↓) 
[90,99,100] 

Rice: lignin staining coloration (↑), cellulose staining coloration (↑), 
cellulose content (↑), lignin biosynthetic gene CAD (↑), cellulose 
biosynthetic genes (↑) [90,99,100]  

AtMYB4 
(At4g38620) 

Arabidopsis: sinapoyl malate content (↑), flavonol content (↓), 
anthocyanin content (↑), lignin biosynthetic gene C4H (↑) [103,105] 

Arabidopsis: sinapoyl malate content (↓), lignin biosynthetic genes 
(↓/↑), flavonoid biosynthetic genes (↓) [103,106] 

AtMYB7 
(At2g16720) 

Arabidopsis: flavonol content (↑), anthocyanin content (↓), lignin 
biosynthetic genes (↑), flavonoid biosynthetic genes (↑) [105] 

Arabidopsis: flavonol content (↓), lignin biosynthetic genes (↓), 
flavonoid biosynthetic genes (↓) [105] 

AtMYB32 
(At4g34990) 

Arabidopsis: lignin biosynthetic gene CAldOMT/COMT (↑), flavonoid 
biosynthetic genes (↓) [104]  

OsMYB108 (OsMYB31; 
LOC_Os09g36730) 

Rice: lignin content (↑), lignin S/G (↑), pCA content (↑), FA content (↑), 
lignin biosynthetic genes (↑), flavonoid (tricin) biosynthetic genes (↑) 
[26]  

ZmMYB31 
(GRMZM2G050305)  

Arabidopsis: lignin staining coloration (↓), lignin content (↓), sinapoyl 
malate content (↓), anthocyanin content (↑), lignin biosynthetic genes 
(↓), flavonoid biosynthetic genes (↑) [110] Sugarcane: lignin content 
(↓), lignin S/G (↓), lignin biosynthetic genes (↑/↓) [113] 

(continued on next page) 
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OsMYB58/63, AtMYB58, and AtMYB63 can bind [87,93], is present in 
the promoter regions of lignin, cellulose, and hemicellulose biosynthetic 
genes in rice, whereas the element AC-II was detected only upstream of 
lignin biosynthetic genes in Arabidopsis [93]. These results collectively 
suggest that diversity of cis-regulatory element composition induces 
distinct transcriptional regulation by MYB58/63 proteins in Arabidopsis 
and rice [93]. PvMYB58/63 overexpression upregulates cellulose and 
xylan biosynthetic genes in switchgrass [61], which supports the notion 
that MYB58/63 proteins can activate both lignin and cell-wall poly
saccharide biosynthesis in grasses. Sorghum SbMYB60 overexpression 
positively affects polysaccharide biosynthetic genes, although SbMYB60 
shows low co-expression values with cellulose biosynthetic genes [24]. 
Taken together, these findings indicate that MYB58/63 proteins may 
play a unique role in grasses, such as activation of cell-wall poly
saccharide biosynthesis, although the function may differ among grass 
species. 

4. MYB55/61 and MYB103 act as a secondary cell wall activator 
under gibberellin-mediated signaling 

AtMYB61 (MYB55/61 clade, Fig. 1a) activates secondary cell wall 
formation, and enhances allocation of carbon sources to developing 
vasculature, root, and seed tissues in Arabidopsis [94,95]. AtMYB61 
overexpression induces ectopic lignification of Arabidopsis [94,95] 
(Table 1). 

Heterogenous expression of AtMYB61 and AtMYB55 (MYB55/61 
clade, Fig. 1a), as well as AtMYB63, has been tested in rice to generate 
and characterize lignin-enriched grass biomass for lignin-oriented bio
refinery applications [23]. AtMYB61 expression increases lignin content 
of rice culm tissues by up to 53 % [23] (Table 1). Rice OsMYB55/61 
(OsMYB61a) (MYB55/61 clade, Fig. 1a) also acts as a secondary cell 
wall activator [90,96,97]. OsMYB55/61 plays an essential role in acti
vating cellulose synthase genes through gibberellin-mediated signaling 
in rice [96]. OsMYB55/61 knockout reduces the contents of cell wall 
components such as lignin, cellulose, and mixed-linkage glucans, and 
downregulates secondary cell wall biosynthetic genes in rice [97]. In 
addition, transient overexpression of OsMYB55/61 and its paralog 
OsMYB55/61-L (OsMYB61b) (Fig. 1a) activates secondary cell wall 
biosynthetic genes in rice protoplasts [97]. 

AtMYB103 (MYB103 clade, Fig. 1a) is directly upregulated by the 
master switches AtVND6/7, AtNST1/2, and AtSND1, as well as 
AtMYB46/83, and can upregulate the secondary-cell-wall-related cel
lulose synthase gene CesA8 [72] (Table 1). Arabidopsis atmyb103 mu
tants show downregulation of CAld5H/F5H, which is responsible for S 
lignin biosynthesis, and reduction of the lignin aromatic S/G ratio 

compared with those of the wild-type controls, although AtMYB103 
does not directly activate F5H in a promoter assay [98]. Microarray data 
suggested that AtMYB103 is involved in a complex regulatory network 
[98], which may affect F5H-mediated S lignin biosynthesis in 
Arabidopsis. 

In contrast, however, no evidence suggests that MYB103 proteins are 
associated with S lignin biosynthesis in grasses. Rice OsMYB103 
(OsMYB103L) (Fig. 1a), which has been isolated as a gene responsible 
for the culm easily fragile phenotype, is involved in gibberellin- 
SLENDER RICE1 (SLR1) signaling for upregulation of cellulose biosyn
thesis [99] (Table 1). OsMYB103 overexpression increases the cellulose 
content of rice [100]. Enhanced expression of OsMYB103 strengthens 
the intensity of phloroglucinol-HCl staining of lignin in rice culm tissues 
and upregulates the lignin biosynthetic gene CAD2 [90]. Further 
investigation of function(s) of MYB103 proteins in grass cell walls will 
be beneficial for a deeper understanding of grass cell wall formation. 

5. MYB4 acts as a repressor for phenylpropanoid biosynthesis 

R2R3-MYB transcriptional repressors are crucial regulators of phe
nylpropanoid biosynthesis, which includes monolignol biosynthesis, 
and flavonoid biosynthesis in plants [101,102]. Arabidopsis AtMYB4 
(MYB4/7/32 clade, Fig. 1a) has been characterized as a regulator of 
phenylpropanoid biosynthesis in response to ultraviolet irradiation 
[103]. Knockout mutation of AtMYB4 upregulates the phenylpropanoid 
biosynthetic gene encoding CINNAMATE 4-HYDROXYLASE (C4H), 
whereas AtMYB4 overexpression suppresses C4H in addition to other 
phenylpropanoid and flavonoid biosynthetic genes [103] (Table 1). 
AtMYB7 and AtMYB32 (Fig. 1a), which encodes close homologs of 
AtMYB4, also regulate flavonoid biosynthetic genes in vegetative and 
reproductive (anther) tissues, respectively (Table 1) [104,105]. Recent 
work has demonstrated that triple knockout of AtMYB4, AtMYB7, and 
AtMYB32 partially restores growth defects and anthocyanin reduction, 
and upregulates flavonoid biosynthetic genes of Arabidopsis ref4-3 mu
tants deficient in MED5a that encodes a subunit of transcriptional 
co-regulatory complex mediator [106]. On the other hand, AtMYB4 
knockout mutation alleviates dwarfism of Arabidopsis ref8 mutants 
deficient in the function of p-COUMAROYL ESTER 3-HYDROXYLASE 
(C3′H), while not affecting the reduction in lignin content, augmenta
tion of H lignin content, and modifications of contents of hydrox
ycinnamate esters and flavonoids [107]. This result suggests that 
AtMYB4 has unknown function(s) additional to regulation of phenyl
propanoid metabolism. 

Our deepest understanding of grass MYB4 homologs has been 
gleaned from studies on maize ZmMYB31 and ZmMYB42 (Fig. 1a) 

Table 1 (continued ) 

MYB gene 
Impacts on cell wall and gene expression 

Knockout/Knockdown/Dominant repression Overexpression/Heterologous expression 

ZmMYB42 
(GRMZM2G419239)  

Arabidopsis: lignin staining coloration (↓), lignin content (↓), lignin S/G 
(↓), sinapoyl malate content (↓), flavanol content (↓), cell-wall 
polysaccharide contents (↑/↓), lignin biosynthetic genes (↓), flavonoid 
biosynthetic genes (↓) [109] Sugarcane: lignin content (↓), Lignin S/G 
(↓), lignin biosynthetic genes (↑/↓) [113] 

TaMYB1D 
(KY679302)  

Tobacco: lignin biosynthetic genes (↓), flavonoid biosynthetic genes (↓) 
[117] 

TaMYB4 
(JF746995)  

Tobacco: lignin content (↓), lignin S/G (↑), flavonoid content (↑), lignin 
biosynthetic genes (↓) [118] 

PvMYB4 
(Pavir.J16675)  

Tobacco: lignin content (↓), lignin S/G (↑), lignin biosynthetic genes (↓) 
[119] Switchgrass: lignin content (↓), pCA content (↓), lignin 
biosynthetic genes (↓), cell-wall polysaccharide biosynthetic genes (↓), 
flavonoid biosynthetic genes (↓) [61,119] 

Arrows indicate changes of cell wall thickness, cell wall staining coloration, contents of cell wall components, lignin S/G ratio, or gene expression levels: ↑, overall 
upregulated; ↓, overall downregulated; ↑/↓, partially upregulated and partially downregulated. References are described in the parentheses. 
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[108–113] (Table 1). Heterologous expression of ZmMYB31 and 
ZmMYB42 suppresses lignification of Arabidopsis [109,110]. Chromatin 
immunoprecipitation (ChIP) has shown that ZmMYB31 and/or 
ZmMYB42 repressors directly target several lignin biosynthetic genes, 
such as those encoding 4-COUMARATE:CoA LIGASE (4CL), CAFFEOYL 
SHIKIMATE ESTERASE (CSE) and 5-HYDROXYCONIFERALDEHYDE 
O-METHYLTRASFERASE (CAldOMT, or CAFFEIC ACID O-METHYL
TRASFERASE, COMT), in maize [97]. In addition to these genes, 
CAld5H/F5H genes, which are responsible for S lignin biosynthesis in 
sorghum [114] and rice [115,116], are direct targets of MYB4 homolog 
(s) in these two species [112]. However, ZmMYB31 and ZmMYB42 does 
not directly target CAld5H/F5H in maize [112], although Arabidopsis 
expressing ZmMYB42 [109] and sugarcane expressing ZmMYB31 and 
ZmMYB42 [113] display reductions in CAld5H/F5H expression and 
lignin S/G ratio. Abundance of grass MYB4 homologs bound to the 
promoter of lignin biosynthetic genes is not always correlated with 
expression level of the MYB4 genes [112], which might be explained by 
protein-protein interactions such as post-translational phosphorylation 
[76,77] and formation of protein complexes with other transcription 
factors [106]. 

Wheat (Triticum aestivum) TaMYB1D [117] and TaMYB4 [118] 
(MYB4/7/32 clade, Fig. 1a) are close homologs of ZmMYB31 and 
ZmMYB42, respectively. Heterologous expression of TaMYB1D and 
TaMYB4 represses lignin biosynthetic genes in tobacco (Nicotiana taba
cum) [117,118]. TaMYB1D expression increases a drought tolerance of 
tobacco plants [117] and TaMYB4 expression reduces lignin content, 
especially G monomer content, of tobacco cell walls [118]. 

Switchgrass overexpressing PvMYB4 (PvMYB4A) that encodes MYB4 
homologs (Fig. 1a) has been characterized for polysaccharide-oriented 
biorefinery applications. PvMYB4 expression represses lignin biosyn
thetic genes and reduces the lignin content of the eudicot tobacco and 
switchgrass [61,119] (Table 1). However, PvMYB4 expression increases 
lignin aromatic S/G ratio in tobacco but not in switchgrass [119]. 
PvMYB4 overexpression reduces the concentration of soluble phenolics, 
which are potential sugar fermentation inhibitors, in methanol extrac
tives from switchgrass biomass, whereas soluble sugars were enriched, 
which is possibly due to suppression of the carbon flux into the phe
nylpropanoid biosynthetic pathway [120]. The altered biomass of 
switchgrass overexpressing PvMYB4 displays improved enzymatic 
saccharification efficiency [119] and increased ethanol productivity via 
sugar fermentation [120]. In addition, a multiyear field cultivation trial 
revealed that the optimal expression level of PvMYB4 is important for 
avoidance of growth defects, e.g., a diminished root system, while 
producing biomass that is relatively easy to convert to biofuels [121]. 

Recently, loss-of-function of a rice MYB4 transcription factor, 
OsMYB108 (OsMYB31) (Fig. 1) was shown to increase lignin content 
and upregulate monolignol biosynthetic genes [26] (Table 1), which 
further supports the notion that MYB4 transcription factors act as a 
lignin repressor. In addition, interestingly, OsMYB108-knockout rice cell 
walls display augmentation of grass-specific lignin units, such as pCA 
and T units [26]. This result provides an important insight into tran
scriptional regulation of grass cell wall formation, which is further dis
cussed below. 

6. MYB transcription factors are associated with regulation of 
grass-specific lignin biosynthesis 

In addition to the roles as an activator for the monolignol biosyn
thesis conserved in eudicots and grasses, MYB42/85, MYB58/63, and 
MYB55/61 transcription factors (Fig. 1a) may be involved in grass- 
specific lignin biosynthesis [122] in grasses. For example, maize 
ZmMYB167 (MYB42/85 clade, Fig. 1a) augments cell-wall-bound pCA 
contents along with total lignin contents in Brachypodium and maize 
[91] (Table 1). Likewise, heterologous expression of Arabidopsis 
AtMYB61 (MYB55/61 clade, Fig. 1 a) preferentially enriches pCA in rice 
cell walls [23] (Table 1). In line with this finding, loss-of-function of rice 

OsMYB55/61 (MYB55/61 clade, Fig. 1a) downregulates grass-specific 
BAHD acyltransferase genes [97], such as OsAT4 (OsPMT1) [39–41] 
encoding an enzyme responsible for p-coumaroylation of monolignols. 
SbMYB60 (MYB58/63 clade, Fig. 1a) also upregulates 
cell-wall-associated BAHD acyltransferase genes in sorghum [24]. On 
the other hand, OsMYB108 (MYB4/7/32 clade, Fig. 1) has been sug
gested to downregulate pCA lignin biosynthesis (Table 1) through 
repression of OsAT4/OsPMT1 in rice [26]. PvMYB4 (MYB4/7/32 clade, 
Fig. 1a) also represses cell-wall-bound pCA biosynthesis in switchgrass 
[119]. Taken together, these results suggest the MYB-mediated tran
scriptional network might regulate incorporation of pCA into grass lig
nins (Fig. 1b). Such grass-specific MYB functions might be partially 
explained by the distinct composition of MYB-bound cis-regulatory el
ements in grasses [93], although further investigation is required. 

MYB transcription factors such as C1 [123] and P [124] in maize and 
Y1 in sorghum [125] are essential for flavonoid biosynthesis. In addi
tion, it has been shown that MYB4 transcription factors serve as a 
regulator of flavonoid biosynthesis in both eudicots [103–107] and 
grasses [26,58]. Loss-of-function of OsMYB108, a rice homolog of 
AtMYB4 (Fig. 1 a), upregulates tricin biosynthetic genes such as those 
encoding APIGENIN 3′-HYDROXYLASE/CHRYSOERIOL 5′-HYDROXY
LASE (A3′H/C5′H) [37] and FLAVONE SYNTHASE II (FNSII) [36] along 
with other genes involved in earlier steps of flavonoid biosynthesis, and 
proportionately augments lignin-incorporated T units with lignin aro
matic units [26]. This result suggests that a flavonoid regulator MYB4 
may play a crucial role in the regulation of T lignin biosynthesis in 
grasses (Fig. 1 b). In agreement with this notion, OsCAldOMT1 (also 
known as OsCOMT1 or OsROMT9), which encodes a bifunctional 
O-methyltransferase responsible both for S and T lignin biosynthesis 
[38,126], is upregulated in OsMYB108-knockout rice [26]. CAldOMT/
COMT genes are direct targets of MYB4 homologs [112] and down
regulated by overexpressing MYB4 homologs in grasses [61,113,119] 
(Table 1 and Fig. 1 b). 

Overexpression of other cell-wall-associated MYB genes also affect 
flavonoid biosynthesis in grasses (Fig. 1 b), although the effect might be 
an indirect consequence of the upregulation of MYB genes. For example, 
switchgrass PvMYB58/63, a homolog of lignin-specific activators 
AtMYB58 and AtMYB63 (Fig. 1 a), upregulates flavonoid biosynthetic 
genes [61]. In sorghum, several genes involved in flavonoid biosynthesis 
appeared to be highly co-expressed with SbMYB60 which encodes a 
homolog of AtMYB58 and AtMYB63 (Fig. 1 a) [24]. In addition, it was 
reported that heterologous expression of Arabidopsis AtMYB61 prefer
entially augments T lignins in rice cell walls [23]. Collectively, the 
MYB-mediated transcriptional network may be closely associated with 
the coordinal regulation of S/G/H lignin biosynthesis and T lignin 
biosynthesis in grasses. 

7. Conclusions 

Recent studies using grass mutant and transgenic lines have 
demonstrated distinct regulation of grass cell wall biosynthesis 
compared with that of eudicot cell wall biosynthesis. MYB58/63 tran
scription factors, which act as an activator for S/G/H monolignol 
biosynthesis in the eudicot Arabidopsis and grasses, are likely associated 
with cell-wall polysaccharide biosynthesis in grasses. In addition, MYB 
transcription factors in the MYB42/85, MYB58/63, MYB55/61 and 
MYB4/7/32 clades affect the expression levels of genes involved in 
acylation of monolignols and flavonoid biosynthesis in grasses. The as
sociation of MYB transcription factors, such as AtMYB61 (MYB55/61 
clade) and OsMYB108 (MYB4/7/32 clade), with lignin-bound pCA and T 
biosynthesis in rice cell walls have been suggested. The MYB-mediated 
regulation of cell wall formation may be linked also to various pri
mary metabolic processes, and can affect plant growth and resistance 
against biotic/abiotic stresses. A more comprehensive understanding of 
transcriptional regulation associated with grass cell wall formation is 
important for an enhanced capacity to breed grass biomass for 
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biorefinery applications. 
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[46] R. Sibout, P. Le Bris, F. Legée, L. Cézard, H. Renault, C. Lapierre, Structural 
redesigning Arabidopsis lignins into alkali-soluble lignins through the expression 
of p-coumaroyl-CoA:monolignol transferase PMT, Plant Physiol. 170 (2016) 
1358–1366, https://doi.org/10.1104/pp.15.01877. 

[47] M. Kubo, M. Udagawa, N. Nishikubo, G. Horiguchi, M. Yamaguchi, J. Ito, 
T. Mimura, H. Fukuda, T. Demura, Transcription switches for protoxylem and 
metaxylem vessel formation, Genes Dev. 19 (2005) 1855–1860, https://doi.org/ 
10.1101/gad.1331305. 

[48] R. Zhong, T. Demura, Z.-H. Ye, SND1, a NAC domain transcription factor, is a key 
regulator of secondary wall synthesis in fibers of Arabidopsis, Plant Cell 18 (2006) 
3158–3170, https://doi.org/10.1105/tpc.106.047399. 

[49] N. Mitsuda, A. Iwase, H. Yamamoto, M. Yoshida, M. Seki, K. Shinozaki, M. Ohme- 
Takagi, NAC transcription factors, NST1 and NST3, are key regulators of the 
formation of secondary walls in woody tissues of Arabidopsis, Plant Cell 19 (2007) 
270–280, https://doi.org/10.1105/tpc.106.047043. 

[50] R. Zhong, E.A. Richardson, Z.-H. Ye, Two NAC domain transcription factors, 
SND1 and NST1, function redundantly in regulation of secondary wall synthesis 
in fibers of Arabidopsis, Planta 225 (2007) 1603–1611, https://doi.org/10.1007/ 
s00425-007-0498-y. 

[51] M. Yamaguchi, M. Kubo, H. Fukuda, T. Demura, Vascular-related NAC-DOMAIN7 
is involved in the differentiation of all types of xylem vessels in Arabidopsis roots 
and shoots, Plant J. 55 (2008) 652–664, https://doi.org/10.1111/j.1365- 
313x.2008.03533.x. 

[52] H. Wang, Q. Zhao, F. Chen, M. Wang, R.A. Dixon, NAC domain function and 
transcriptional control of a secondary cell wall master switch, Plant J. 68 (2011) 
1104–1114, https://doi.org/10.1111/j.1365-313X.2011.04764.x. 

[53] Q. Li, Y.-C. Lin, Y.-H. Sun, J. Song, H. Chen, X.-H. Zhang, R.R. Sederoff, V. 
L. Chiang, Splice variant of the SND1 transcription factor is a dominant negative 
of SND1 members and their regulation in Populus trichocarpa, Proc. Natl. Acad. 
Sci. U. S. A. 109 (2012) 14699–14704, https://doi.org/10.1073/ 
pnas.1212977109. 

[54] Y. Nakano, M. Yamaguchi, H. Endo, N.A. Rejab, M. Ohtani, NAC-MYB-based 
transcriptional regulation of secondary cell wall biosynthesis in land plants, 
Front. Plant Sci. 6 (2015) 288, https://doi.org/10.3389/fpls.2015.00288. 

[55] Y.-C.J. Lin, H. Chen, Q. Li, W. Li, J.P. Wang, R. Shi, S. Tunlaya-Anukit, P. Shuai, 
Z. Wang, H. Ma, H. Li, Y.-H. Sun, R.R. Sederoff, V.L. Chiang, Reciprocal cross- 
regulation of VND and SND multigene TF families for wood formation in Populus 
trichocarpa, Proc. Natl. Acad. Sci. U. S. A. 114 (2017) E9722–E9729, https://doi. 
org/10.1073/pnas.1714422114. 

[56] X. Rao, R.A. Dixon, Current models for transcriptional regulation of secondary 
cell wall biosynthesis in grasses, Front. Plant Sci. 9 (2018) 399, https://doi.org/ 
10.3389/fpls.2018.00399, 2018. 

[57] M. Ohtani, T. Demura, The quest for transcriptional hubs of lignin biosynthesis: 
beyond the NAC-MYB-gene regulatory network model, Curr. Opin. Biotech. 56 
(2019) 82–87, https://doi.org/10.1016/j.copbio.2018.10.002. 

[58] H. Wang, U. Avci, J. Nakashima, M.G. Hahn, F. Chen, R.A. Dixon, Mutation of 
WRKY transcription factors initiates pith secondary wall formation and increases 
stem biomass in dicotyledonous plants, Proc. Natl. Acad. Sci. U. S. A. 107 (2010) 
22338–22343, https://doi.org/10.1073/pnas.1016436107. 

[59] L. Gallego-Giraldo, G. Shadle, H. Shen, J. Barros-Rios, S.F. Corrales, H. Wang, R. 
A. Dixon, Combining enhanced biomass density with reduced lignin level for 
improved forage quality, Plant Biotechnol. J. 14 (2016) 895–904, https://doi. 
org/10.1111/pbi.12439. 

[60] L. Yang, X. Zhao, F. Yang, D. Fan, Y. Jiang, K. Luo, PtrWRKY19, a novel WRKY 
transcription factor, contributes to the regulation of pith secondary wall 
formation in Populus trichocarpa, Sci. Rep. 6 (2016), 18643, https://doi.org/ 
10.1038/srep18643. 

[61] X. Rao, X. Chen, H. Shen, Q. Ma, G. Li, Y. Tang, M. Pena, W. York, T.P. Frazier, 
S. Lenaghan, X. Xiao, F. Chen, R.A. Dixon, Gene regulatory networks for lignin 
biosynthesis in switchgrass (Panicum virgatum), Plant Biotechnol. J. 17 (2019) 
580–593, https://doi.org/10.1111/pbi.13000. 

[62] S. Ge, X. Han, X. Xu, Y. Shao, Q. Zhu, Y. Liu, J. Du, J. Xu, S. Zhang, WRKY15 
suppresses tracheary element differentiation upstream of VND7 during xylem 
formation, Plant Cell (2020) 2307–2324, https://doi.org/10.1105/tpc.19.00689. 

[63] Q. Zhang, Z. Xie, R. Zhang, P. Xu, H. Liu, H. Yang, M.S. Doblin, A. Bacic, L. Li, 
Blue light regulates secondary cell wall thickening via MYC2/MYC4 activation of 
the NST1-directed transcriptional network in Arabidopsis, Plant Cell 30 (2018) 
2512–2528, https://doi.org/10.1105/tpc.18.00315. 

[64] M. Taylor-Teeples, L. Lin, M. de Lucas, G. Turco, T.W. Toal, A. Gaudinier, N. 
F. Young, G.M. Trabucco, M.T. Veling, R. Lamothe, P.P. Handakumbura, 
G. Xiong, C. Wang, J. Corwin, A. Tsoukalas, L. Zhang, D. Ware, M. Pauly, D. 
J. Kliebenstein, K. Dehesh, I. Tagkopoulos, G. Breton, J.L. Pruneda-Paz, S. 
E. Ahnert, S.A. Kay, S.P. Hazen, S.M. Brady, An Arabidopsis gene regulatory 
network for secondary cell wall synthesis, Nature 517 (2015) 571–575, https:// 
doi.org/10.1038/nature14099. 

[65] S. Sakamoto, N. Takata, Y. Oshima, K. Yoshida, T. Taniguchi, N. Mitsuda, Wood 
reinforcement of poplar by rice NAC transcription factor, Sci. Rep. 6 (2016), 
19925, https://doi.org/10.1038/srep19925. 

[66] Nuoendagula, Y. Tsuji, N. Takata, S. Sakamoto, A. Nakagawa-Izumi, T. Taniguchi, 
J. Ralph, N. Mitsuda, S. Kajita, Change in lignin structure, but not in lignin 
content, in transgenic poplar overexpressing the rice master regulator of 
secondary cell wall biosynthesis, Physiol. Plant. 163 (2018) 170–182, https://doi. 
org/10.1111/ppl.12684. 

[67] H. Sato, S. Sakamoto, N. Mitsuda, M. Ohme-Takagi, T. Takamizo, Improvement of 
cell wall digestibility in tall fescue by Oryza sativa SECONDARY WALL NAC 
DOMAIN PROTEIN2 chimeric repressor, Mol. Breeding 38 (2018) 36, https://doi. 
org/10.1007/s11032-018-0796-z. 

[68] S. Sakamoto, N. Mitsuda, Reconstitution of a secondary cell wall in a secondary 
cell wall-deficient Arabidopsis mutant, Plant Cell Physiol. 56 (2015) 299–310, 
https://doi.org/10.1093/pcp/pcu208. 

[69] S. Sakamoto, M. Somssich, M.T. Nakata, F. Unda, K. Atsuzawa, Y. Kaneko, 
T. Wang, A.-M. Bågman, A. Gaudinier, K. Yoshida, S.M. Brady, S.D. Mansfield, 
S. Persson, N. Mitsuda, Complete substitution of a secondary cell wall with a 
primary cell wall in Arabidopsis, Nat. Plant 4 (2018) 777–783, https://doi.org/ 
10.1038/s41477-018-0260-4. 

[70] J.-H. Ko, H.-W. Jeon, W.-C. Kim, J.-Y. Kim, K.-H. Han, The MYB46/MYB83- 
mediated transcriptional regulatory programme is a gatekeeper of secondary wall 
biosynthesis, Ann. Bot. 114 (2014) 1099–1107, https://doi.org/10.1093/aob/ 
mcu126. 

[71] P. Geng, S. Zhang, J. Liu, C. Zhao, J. Wu, Y. Cao, C. Fu, X. Han, H. He, Q. Zhao, 
MYB20, MYB42, MYB43, and MYB85 regulate phenylalanine and lignin 
biosynthesis during secondary cell wall formation, Plant Physiol. 182 (2020) 
1272–1283, https://doi.org/10.1104/pp.19.01070. 

[72] R. Zhong, C. Lee, J. Zhou, R.L. McCarthy, Z.-H. Ye, A battery of transcription 
factors involved in the regulation of secondary cell wall biosynthesis in 
Arabidopsis, Plant Cell 20 (2008) 2763–2782, https://doi.org/10.1105/ 
tpc.108.061325. 

[73] B. Karpinska, M. Karlsson, M. Srivastava, A. Stenberg, J. Schrader, F. Sterky, 
R. Bhalerao, G. Wingsle, MYB transcription factors are differentially expressed 
and regulated during secondary vascular tissue development in hybrid aspen, 
Plant Mol. Biol. 56 (2004) 255–270, https://doi.org/10.1007/s11103-004-3354- 
5. 

[74] R. Zhong, R.L. McCarthy, M. Haghighat, Z.-H. Ye, The poplar MYB master 
switches bind to the SMRE site and activate the secondary wall biosynthetic 
program during wood formation, PLoS One 8 (2013), e69219, https://doi.org/ 
10.1371/journal.pone.0069219. 

[75] X. Tang, Y. Zhuang, G. Qi, D. Wang, H. Liu, K. Wang, G. Chai, G. Zhou, Poplar 
PdMYB221 is involved in the direct and indirect regulation of secondary wall 
biosynthesis during wood formation, Sci. Rep. 5 (2015), 12240, https://doi.org/ 
10.1038/srep12240. 

[76] J. Gui, L. Luo, Y. Zhong, J. Sun, T. Umezawa, L. Li, Phosphorylation of LTF1, an 
MYB transcription factor in Populus, acts as a sensory switch regulating lignin 
biosynthesis in wood cells, Mol. Plant 12 (2019) 1325–1337, https://doi.org/ 
10.1016/j.molp.2019.05.008. 

T. Miyamoto et al.                                                                                                                                                                                                                              

https://doi.org/10.1104/pp.16.01108
https://doi.org/10.1371/journal.pone.0178160
https://doi.org/10.1104/pp.16.01973
https://doi.org/10.1111/nph.15795
https://doi.org/10.1038/s41598-019-47957-0
https://doi.org/10.1038/s41598-019-47957-0
https://doi.org/10.1074/jbc.M111.284497
https://doi.org/10.1111/tpj.12510
https://doi.org/10.1111/tpj.12420
https://doi.org/10.1126/sciadv.1600393
https://doi.org/10.1007/s11101-009-9141-9
https://doi.org/10.3389/fpls.2016.02056
https://doi.org/10.1002/cssc.201903345
https://doi.org/10.1002/cssc.201903345
https://doi.org/10.1104/pp.15.01877
https://doi.org/10.1101/gad.1331305
https://doi.org/10.1101/gad.1331305
https://doi.org/10.1105/tpc.106.047399
https://doi.org/10.1105/tpc.106.047043
https://doi.org/10.1007/s00425-007-0498-y
https://doi.org/10.1007/s00425-007-0498-y
https://doi.org/10.1111/j.1365-313x.2008.03533.x
https://doi.org/10.1111/j.1365-313x.2008.03533.x
https://doi.org/10.1111/j.1365-313X.2011.04764.x
https://doi.org/10.1073/pnas.1212977109
https://doi.org/10.1073/pnas.1212977109
https://doi.org/10.3389/fpls.2015.00288
https://doi.org/10.1073/pnas.1714422114
https://doi.org/10.1073/pnas.1714422114
https://doi.org/10.3389/fpls.2018.00399
https://doi.org/10.3389/fpls.2018.00399
https://doi.org/10.1016/j.copbio.2018.10.002
https://doi.org/10.1073/pnas.1016436107
https://doi.org/10.1111/pbi.12439
https://doi.org/10.1111/pbi.12439
https://doi.org/10.1038/srep18643
https://doi.org/10.1038/srep18643
https://doi.org/10.1111/pbi.13000
https://doi.org/10.1105/tpc.19.00689
https://doi.org/10.1105/tpc.18.00315
https://doi.org/10.1038/nature14099
https://doi.org/10.1038/nature14099
https://doi.org/10.1038/srep19925
https://doi.org/10.1111/ppl.12684
https://doi.org/10.1111/ppl.12684
https://doi.org/10.1007/s11032-018-0796-z
https://doi.org/10.1007/s11032-018-0796-z
https://doi.org/10.1093/pcp/pcu208
https://doi.org/10.1038/s41477-018-0260-4
https://doi.org/10.1038/s41477-018-0260-4
https://doi.org/10.1093/aob/mcu126
https://doi.org/10.1093/aob/mcu126
https://doi.org/10.1104/pp.19.01070
https://doi.org/10.1105/tpc.108.061325
https://doi.org/10.1105/tpc.108.061325
https://doi.org/10.1007/s11103-004-3354-5
https://doi.org/10.1007/s11103-004-3354-5
https://doi.org/10.1371/journal.pone.0069219
https://doi.org/10.1371/journal.pone.0069219
https://doi.org/10.1038/srep12240
https://doi.org/10.1038/srep12240
https://doi.org/10.1016/j.molp.2019.05.008
https://doi.org/10.1016/j.molp.2019.05.008


Current Plant Biology 24 (2020) 100174

9

[77] J. Gui, P.Y. Lam, Y. Tobimatsu, J. Sun, C. Huang, S. Cao, Y. Zhong, T. Umezawa, 
L. Li, Fiber-specific regulation of lignin biosynthesis improves biomass quality in 
Populus, New Phytol. 226 (2020) 1074–1087, https://doi.org/10.1111/ 
nph.16411. 

[78] M. Goicoechea, E. Lacombe, S. Legay, S. Mihaljevic, P. Rech, A. Jauneau, 
C. Lapierre, B. Pollet, D. Verhaegen, N. Chaubet-Gigot, J. Grima-Pettenati, 
EgMYB2, a new transcriptional activator from Eucalyptus xylem, regulates 
secondary cell wall formation and lignin biosynthesis, Plant J. 43 (2005) 
553–567, https://doi.org/10.1111/j.1365-313X.2005.02480.x. 

[79] S. Legay, E. Lacombe, M. Goicoechea, C. Brière, A. Séguin, J. Mackay, J. Grima- 
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