












7A) and examined its effect on the transactivation byMYB58 and

MYB63. Mutation of the AC element completely abolished the

activation of 4CL1 promoter-driven GUS expression by MYB58

and MYB63 (Figure 7B), demonstrating that MYB58 and MYB63

activate the 4CL1 promoter-driven expression through the AC

element. This conclusion was further supported by the finding

showing that a DNA oligonucleotide containing three copies of

the AC element (Figure 7A) was sufficient to mediate the activa-

tion of the GUS reporter gene expression by MYB58 andMYB63

(Figure 7C).

We next tested whether MYB58 and MYB63 can bind directly

to the AC element using the electrophoretic mobility shift assay

(EMSA). When the 260-bp 4CL1 promoter fragment was incu-

bated with recombinant maltose binding protein (MBP) fused to

MYB58 or MYB63, the mobility of the DNA fragment was appar-

ently retarded (Figure 8A). When it was incubated with MBP

Figure 4. Overexpression of MYB58 and MYB63 Results in Ectopic Deposition of Lignin in the Epidermis of Leaves.

The leaves of 3-week-old transgenic plants overexpressing MYB58 or MYB63 were examined for ectopic lignin deposition. Bars = 12 mm in (C) to (H).

(A) Real-time quantitative RT-PCR analysis showing the overexpression of MYB58 (MYB58-OE) and MYB63 (MYB63-OE) in the seedlings of

representative transgenic lines. The expression levels of MYB58 and MYB63 in the wild type are set to 1. Error bars represent SE of three replicates.

(B) Three-week-old seedlings of the wild type (left), MYB58-OE (middle), and MYB63-OE (right). Note the reduced leaf and rosette sizes in MYB58-OE

and MYB63-OE.

(C) and (D) Differential interference contrast (DIC) (C) and lignin autofluorescence (D) images of the wild-type leaf epidermis showing the absence of

lignin autofluorescence signals.

(E) to (H) DIC ([E] and [G]) and lignin autofluorescence ([F] and [H]) images of the MYB58-OE ([E] and [F]) and MYB63-OE ([G] and [H]) leaf epidermis

showing ectopic lignin autofluorescence signals.
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alone, no mobility shift was seen, indicating that the observed

mobility shift was caused specifically by MYB58 and MYB63.

Mutation of the AC element in the 4CL1 promoter sequence

completely abolished the mobility shift caused by MYB58 and

MYB63 (Figure 8B), demonstrating that MYB58 andMYB63 bind

to the 4CL1 promoter through the AC element. The direct binding

of MYB58 and MYB63 to the AC element was further confirmed

by the finding that MYB58 and MYB63 were able to cause a

mobility shift of the DNA oligonucleotide containing three copies

of the AC element (Figures 8C and 8D).

Previous work has shown that three AC element sequences,

namely, AC-I (ACCTACC), AC-II (ACCAACC), and AC-III

(ACCTAAC), in the bean PAL2 gene are important for directing

its vascular expression (Hatton et al., 1995). The AC element

present in the 260-bp 4CL1 promoter fragment is AC-II. To ex-

amine whether MYB58 andMYB63 are able to bind to all of these

three AC elements, we performed competition analysis. Addition

of excess unlabeled DNA oligonucleotides containing AC-I,

AC-II, or AC-III sequence effectively competed with the binding

of the labeled 3xAC oligonucleotide to MYB58 and MYB63,

whereas addition of an oligonucleotide containing a mutated

AC element did not (Figures 8C and 8D). Together, these results

suggest that MYB58 and MYB63 are able to bind to the AC

elements in the promoters of monolignol biosynthetic genes.

MYB58 Directly Activates the Expression of Monolignol

Biosynthetic Genes

To further substantiate the hypothesis that MYB58 and MYB63

directly activate the expression of the monolignol biosynthetic

genes,weemployed the steroid receptor-based inducible system,

an approach successfully used for identification of direct targets

of transcription factors in plants (Sablowski and Meyerowitz,

1998; Wagner et al., 1999; Baudry et al., 2004). In this system,

fusion of the steroid receptor with a transcription factor renders

the transcription factor inactive by sequestering it in the cyto-

plasm through binding to a cytoplasmic complex. Addition of

steroid releases the transcription factor from retention in the

cytoplasm and thus allows it to enter the nucleus to activate the

expression of target genes (Sablowski and Meyerowitz, 1998).

Figure 5. Overexpression of MYB58 and MYB63 Leads to Ectopic Deposition of Lignin but Not Cellulose and Xylan in Stems.

Stem sections were stained with phloroglucinol-HCl or Calcofluor White for detection of lignin or secondary wall cellulose, respectively. Xylan was

immunodetected with the LM10 xylan antibody. co, cortex; ep, epidermis; if, interfascicular fiber; xy, xylem. Bars = 73 mm.

(A) Phloroglucinol-HCl staining (red color) of a wild-type stem section showing the normal lignin deposition in the walls of interfascicular fibers and xylem

cells.

(B) Phloroglucinol-HCl staining of a MYB58-OE stem section showing ectopic lignin deposition in the walls of epidermal cells in addition to its normal

deposition in interfascicular fibers and xylem cells.

(C) Phloroglucinol-HCl staining of a MYB63-OE stem section showing ectopic lignin deposition in the walls of cortical and epidermal cells in addition to

its normal deposition in interfascicular fibers and xylem cells.

(D) to (F) Calcofluor White staining (blue color) of stem sections showing cellulose staining in the walls of interfascicular fibers and xylem cells in the wild

type (D), MYB58-OE (E), and MYB63-OE (F). Note that no ectopic deposition of cellulose was detected in the MYB58-OE or MYB63-OE stem sections.

(G) to (I) Stem sections probed with the LM10 xylan antibody showing xylan staining (green color) in the walls of interfascicular fibers and xylem cells in

the wild type (G), MYB58-OE (H), and MYB63-OE (I). Note that no ectopic deposition of xylan was detected in MYB58-OE or MYB63-OE stem sections.
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We first cotransfected Arabidopsis leaf protoplasts with the

CaMV 35S promoter-driven MYB58 fused with the regulatory

region of the humanestrogen receptor (HER; Zuoet al., 2000) and

the 260-bp 4CL1 promoter-drivenGUS reporter gene (Figure 9A)

to test the effectiveness of the inducible system. It was found that

theGUS reporter activity driven by the 4CL1 promoter was highly

induced by the addition of estradiol (Figure 9B), demonstrating

that the MYB58-HER chimeric protein is able to activate the

expression of downstream genes. For unknown reasons, the

MYB63-HER chimeric protein exhibited high transactivation ac-

tivitywithout additionof estradiol; therefore, itwasnot used in this

study.

To test whether MYB58 directly activates the expression of

monolignol biosynthetic genes, new protein synthesis was

inhibited by addition of the protein synthesis inhibitor cyclohex-

imide. Cycloheximide at the concentration of 2mMwas shown to

be sufficient to completely abolish the 4CL1 promoter-driven

GUS reporter activity induced by estradiol (Figure 9B), indicating

that new protein synthesis is completely inhibited by the treat-

ment. Under this condition, the expression of MYB58 direct

target genes should still be induced by estradiol activation of

MYB58, but the induction of further downstream genes is

blocked because of a lack of new protein synthesis. Examination

of the expression of monolignol biosynthetic genes in the

MYB58-HER inducible system revealed that estradiol activation

of MYB58 resulted in a substantial induction in the expression of

all monolignol biosynthetic genes except F5H1 (Figure 9C), and

this induction in gene expression still occurred in the presence of

the protein synthesis inhibitor cycloheximide (Figure 9D). These

findings demonstrate that the activation of the monolignol bio-

synthetic genes by MYB58 does not require new protein syn-

thesis and therefore is direct.

The Secondary Wall–Associated Laccase4 Gene Is Induced

by MYB58 and MYB63

It is well established that monolignols are synthesized in the

cytoplasm and then exported into the cell wall for polymerization

(Boerjan et al., 2003). Both laccases and peroxidases are pro-

posed to be involved in the oxidation of monolignols for dehy-

drogenative polymerization, although it is still unknown which

particular peroxidase and laccase genes are directly involved in

this process during secondary wall formation. Because over-

expression of MYB58 and MYB63 caused an ectopic deposition

of lignin, we reasoned that MYB58 and MYB63 not only activate

genes for monolignol biosynthesis but also should induce genes

encoding enzymes involved in monolignol polymerization. We

found that two laccase genes, LAC4 (At2g38080) and LAC17

(At5g60020), were highly expressed in secondary wall–containing

interfascicular fibers and xylem cells but not in parenchymatous

pith cells (Figure 10A). At the organ level, they showed a

predominant expression in inflorescence stems in which inter-

fascicular fibers and xylem cells are abundant (Figure 10B).

These results suggest that LAC4 and LAC17 exhibit a similar

expression pattern to that ofMYB58 andMYB63, and they might

be involved in secondary wall biosynthesis. Expression analysis

revealed that the expression of LAC4 but not LAC17 was

upregulated by MYB58 and MYB63 (Figure 10C), suggesting

that LAC4 is a downstream target of MYB58 andMYB63. Further

study using the MYB58-HER inducible system demonstrated

that MYB58 was able to activate directly the expression of the

LAC4 gene (Figures 10D and 10E).

Expression of theMYB58 andMYB63 Genes Is Induced by

SND1 Close Homologs and MYB46

Previous study showed that SND1 and its close homologs, in-

cluding NST1, NST2, VND6, and VND7, regulate the same down-

stream target genes (Zhong et al., 2007a, 2008). The fact that the

expressions of MYB58 and MYB63 are regulated by SND1 and

NST1 (Figure 1) promoted us to investigate whether other SND1

close homologs and MYB46 also regulate their expression. Ex-

pression analysis ofMYB58 andMYB63 in transgenicArabidopsis

plants overexpressing NST2, VND6, VND7, or MYB46 revealed

that their expression was significantly upregulated in these over-

expressors compared with the wild type (Figure 11). Dominant

repression or overexpression ofMYB58 andMYB63 did not affect

the expression of SND1 and its homologs, nor did they alter the

expression of MYB46. Together, these results suggest that

MYB58 and MYB63 are common downstream targets of SND1

and its close homologs and they are positioned downstream of

MYB46 in the SND1-mediated transcriptional network.

DISCUSSION

Lignin is the second most abundant biopolymer produced

by vascular plants, and it is mainly deposited in secondary

Table 2. Lignin Composition in the Leaves of the Wild Type and

MYB58 and MYB63 Overexpressors

Plant G Lignin S Lignin

Total G and

S Lignin

Wild type 0.17 6 0.02 0.09 6 0.02 0.26 (100%)

MYB58 overexpressor 0.30 6 0.01 0.25 6 0.01 0.55 (212%)

MYB63 overexpressor 0.22 6 0.01 0.15 6 0.03 0.37 (142%)

The monolignol composition was analyzed according to Akin et al.

(1993). Each data point is the mean (mg/g dry cell walls) 6 SE of two

separate assays. Shown in the parentheses are the percentages of total

G and S lignin in MYB58 and MYB63 overexpressors relative to that in

the wild type.

Table 3. Lignin Composition in the Stems of the Wild Type, Plants with

Dominant Repression of MYB58 or MYB63, and MYB58/MYB63

RNAi Lines

Plant G Lignin S Lignin

Total G and

S Lignin

Wild type 4.64 6 0.13 2.57 6 0.30 7.21 (100%)

MYB58 repressor 3.00 6 0.02 1.50 6 0.03 4.50 (62%)

MYB63 repressor 3.28 6 0.08 2.06 6 0.14 5.34 (74%)

MYB58/MYB63 RNAi 2.99 6 0.17 2.02 6 0.08 5.01 (69%)

Each data point is the mean (mg/g dry cell walls) 6 SE of two separate

assays. Shown in the parentheses are the percentages of total G and S

lignin in MYB58 and MYB63 repressors or MYB58/MYB63 RNAi lines

relative to that in the wild type.
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wall–containing cells, such as fibers and tracheary elements.

Lignin polymer, an extensive cross-linked network, together with

the cellulose-xylan network provides strength and rigidity to the

secondary walls, and its impregnation into the secondary walls

renders them waterproof. Being very inert, lignin also imparts a

stable, protective coating to the secondary walls to shield them

from chemical, physical, and biological attacks. However, uses

of secondary walls for pulping and papermaking, and potentially

for biofuel production, often require the removal of lignin, which

leads to increased costs as well as environmental pollutions.

Lignin also limits the digestibility of forage crops used to feed

animals. Therefore, extensive efforts have been put into genetic

modification of lignin content and composition in woody species

and forage crops in the hope of generating plants with lower

lignin content or altered lignin composition allowing for easy

removal of lignin (Vanholme et al., 2008; Weng et al., 2008).

Figure 6. Lignin Biosynthetic Genes Were Induced by Overexpression of MYB58 and MYB63.

Leaves from 3-week-old seedlings were used for expression analysis of secondary wall biosynthetic genes with real-time quantitative RT-PCR. The

quantitative differences of the expression of the tested genes between the wild type and the overexpression lines are statistically significant (P < 0.001).

The expression level of each gene in the wild type is set to 1. Error bars represent SE of three biological replicates.

(A) Overexpression of MYB58 and MYB63 induces the expression of lignin biosynthetic genes. A schematic diagram of the lignin biosynthetic pathway

is depicted below the panel to indicate the catalytic step in which each gene is involved. The genes selected for expression analysis were previously

shown to be highly expressed in stems where lignified fibers and vessels are abundant (Raes et al., 2003). PAL1, phenylalanine ammonia lyase 1; C4H,

cinnamate 4-hydroxylase; 4CL1, 4-coumarate CoA ligase 1; HCT, hydroxycinnamoyl CoA:shikimate/quinate hydroxycinnamoyltransferase; C3H1,

p-coumarate 3-hydroxylase 1; CCoAOMT1, caffeoyl CoA 3-O-methyltransferase 1; CCR1, cinnamoyl CoA reductase 1; F5H1, ferulate 5-hydroxylase 1;

COMT, caffeic acid O-methyltransferase; CAD6, cinnamyl alcohol dehydrogenase 6.

(B)Overexpression of MYB58 and MYB63 does not induce the expression of secondary wall–associated cellulose synthase genes (CesA4, CesA7, and

CesA8), xylan biosynthetic genes (IRX8 and IRX9), flavonoid biosynthetic genes (CHS andCHI), and sinapate ester biosynthetic genes (ALDH and SMT).
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Currently, all the genes in the monolignol biosynthetic pathway

have been isolated and characterized, and some of them have

been targeted for genetic modification of lignin content and

composition. By contrast, much less is known about the regu-

latory genes controlling lignin biosynthesis during secondarywall

formation (Vanholme et al., 2008; Weng et al., 2008). Uncovering

lignin regulatory genes could potentially provide another means

for manipulating the lignin biosynthetic pathway. The finding

that MYB58 and MYB63 are SND1-regulated, secondary wall–

associated transcriptional activators regulating the entire lignin

biosynthetic pathway during secondary wall formation lays

a foundation for further unraveling the regulatory genes control-

ling lignin biosynthesis.

MYB58 and MYB63 Are SND1-Regulated Transcriptional

Activators of Lignin Biosynthesis during

Secondary Wall Formation

We have demonstrated that MYB58 and MYB63 are transcrip-

tional activators of lignin biosynthesis in the SND1-mediated

transcription network regulating secondary wall formation based

on several lines of evidence. First, the expression ofMYB58 and

MYB63 is specifically associated with cells undergoing second-

ary wall thickening and lignification, an expression pattern that is

the same as that of SND1. Second, the expression ofMYB58 and

MYB63 is up- or downregulated by SND1/NST1 overexpression

or SND1/NST1 RNAi inhibition, respectively, indicating that

MYB58 and MYB63 are part of the SND1/NST1-mediated tran-

scription network regulating secondary wall biosynthesis. This

finding is important because transcription factors activating

lignin biosynthesis during secondary wall formation should be

regulated by SND1 or its close homologs based on previous

observations that SND1 is a master switch activating secondary

wall thickening and lignification and that knockout of SND1 and

NST1 leads to a loss of secondary wall thickening and lignifica-

tion (Zhong et al., 2006, 2007b). Third, MYB58 and MYB63 are

targeted to the nucleus and can activate transcription. Fourth,

overexpression of MYB58 and MYB63 results in activation of

lignin biosynthetic genes and leads to an ectopic deposition of

lignin. UnlikeMYB46,which is a secondarywall–associatedMYB

transcription factor activating the biosynthetic pathways for

Figure 7. MYB58 and MYB63 Induce the Expression of the 4CL1 Gene

through the AC Element.

The activation of the 4CL1 promoter by MYB58 and MYB63 was

analyzed by cotransfecting Arabidopsis leaf protoplasts with the effector

and reporter constructs. The GUS activity in the protoplasts transfected

with the GUS reporter construct only (control) is set to 1. Error bars

represent SE of three biological replicates.

(A) Diagrams of the effector and reporter constructs used for trans-

activation analysis. The effector constructs contain MYB58 or MYB63

driven by the CaMV 35S promoter (35S:MYB58 and 35S:MYB63). The

reporter constructs consist of the GUS reporter gene driven by the 4CL1

promoter sequences with 1 kb in length (located between �1 and �1000

relative to the start codon; 4CL1P-1kb:GUS) or 260 bp in length (located

between �1 and �260 relative to the start codon; 4CL1-260bp:GUS).

The location of the AC element in the 4CL1 promoter is indicated. The

4CL1P-mAC:GUS reporter construct has the 260-bp 4CL1 promoter

with the AC element mutated as indicated. The 3xAC:GUS reporter

construct contains the GUS reporter gene driven by a 38-bp DNA

oligonucleotide containing three copies of the AC element linked with the

CaMV 35S minimal promoter sequence. The sequence of the DNA

oligonucleotide is shown.

(B) Transactivation analysis showing that MYB58 and MYB63 activate

the expression of the GUS reporter gene driven by the native 4CL1

promoter but not by the 4CL1 promoter with mutated AC element.

(C) MYB58 and MYB63 are able to activate the expression of GUS

reporter gene driven by three copies of the AC element (3xAC).
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cellulose, xylan, and lignin (Zhong et al., 2007a), MYB58 and

MYB63 do not induce the biosynthetic pathways for cellulose

and xylan. These results suggest that MYB58 and MYB63 are

SND1-regulated MYB transcription factors specifically influenc-

ing lignin biosynthesis in cells undergoing secondary wall thick-

ening. It should be noted that the transcriptional activation

strength and sequence selectivity of transcription factors de-

pend on their expression level (Andersson et al., 1999; Jin et al.,

2000). Therefore, the observed induction of lignin biosynthetic

genes byMYB58 andMYB63 overexpression needs to be further

investigated under in vivo physiological conditions.

MYB58 and MYB63 are phylogenetically distinct from those

MYBs that have previously been proposed to be involved in

regulation of the phenylpropanoid metabolism. Overexpression

of several MYB genes from antirrhinum, Arabidopsis, and grape

(Vitis vinifera) has been shown to cause an alteration in lignin

biosynthesis (Tamagnone et al., 1998; Borevitz et al., 2000; Deluc

et al., 2006). However, it is not known whether these MYB genes

are expressed in cells undergoing secondary wall thickening;

therefore, it is uncertain whether they are involved in the regu-

lation of lignin biosynthesis during secondary wall formation.

Overexpression of another MYB gene from Arabidopsis,MYB61,

phenocopies the ectopic lignin deposition caused by the de-

etiolated3 mutation (Newman et al., 2004). Because MYB61 is

involved in multiple processes, including regulation of stomatal

aperture and seed coat mucilage deposition, its exact function

remains to be studied (Penfield et al., 2001; Liang et al., 2005).

Two other MYB genes, PtMYB4 from pine (Patzlaff et al., 2003a)

and Eg MYB2 from eucalyptus (Goicoechea et al., 2005), have

been proposed to play a role in the regulation of lignin biosyn-

thesis. Both of them are preferentially expressed in developing

secondary xylem. When heterologouslly overexpressed in to-

bacco, ectopic lignin deposition occurred in the Pt MYB4 over-

expressors (Patzlaff et al., 2003a), and increased secondary wall

thickening in fibers was observed in the Eg MYB2 overexpres-

sors (Goicoechea et al., 2005). However, the possible effects of

their downregulation on lignification have not yet been examined.

Since they bind to the AC elements in vitro, Pt MYB4 and Eg

MYB2 appear to be strong candidates for transcriptional regu-

lators of lignin biosynthesis. However, because both Pt MYB4

and Eg MYB2 are close homologs of Arabidopsis MYB46

(Goicoechea et al., 2005; Zhong et al., 2007a), it remains to be

investigated whether they function the same as MYB46 to

regulate the entire secondary wall biosynthetic program or they

specifically regulate lignin biosynthesis.

Dominant repression of MYB58 andMYB63 was found to lead

to a drastic reduction in secondary wall thickening and a defor-

mation of vessel morphology. The deformed vessel phenotype is

likely caused by the weakening of the vessel walls due to the

reduction in the amount of lignin polymer and secondary wall

thickness, which renders vessels incapable of resisting the

negative pressure generated from transpiration. Similar de-

formed vessel phenotypes have been observed previously in

plantswith repression of lignin biosynthesis by downregulation of

lignin biosynthetic genes (Zhong et al., 1998; Goujon et al., 2003).

Although we could not exclude the possibility that MYB58 and

MYB63 may also regulate the expression of some genes affect-

ing the biosynthesis of other secondary wall components in

addition to lignin, we propose that the reduced secondary wall

thickening phenotype is most likely due to an indirect effect

caused by the decreased lignin deposition, which may impede

the overall secondary wall biosynthesis and assembly. In fact, a

reduction in any one of the three major secondary wall compo-

nents, including cellulose, xylan, and lignin, can result in a

decrease in secondary wall thickening and a deformed vessel

morphology (Zhong et al., 1998, 2005; Taylor et al., 2004; Pena

Figure 8. MYB58 and MYB63 Bind to the AC Element in the 4CL1

Promoter.

The recombinant proteins of MYB58 and MYB63 fused with MBP were

incubated with biotin-labeled DNA probes, and the samples were

subjected to EMSA by PAGE and subsequent chemiluminescent detec-

tion. MBP was used as a control protein in the EMSA experiments. The

free DNA probes are indicated by arrows.

(A) MYB58 and MYB63 bind to the 260-bp 4CL1 promoter fragment and

result in a retardation in its mobility.

(B) Mutation of the AC element in the 260-bp 4CL1 promoter fragment

abolishes its binding by MYB58 and MYB63.

(C) and (D)MYB58 (C) and MYB63 (D) bind to the 38-bp oligonucleotide

containing three copies of the AC element (3xAC). The sequence of the

oligonucleotide is the same as that shown in Figure 7A. For competition

analysis, unlabeled oligonucleotides containing AC-I, AC-II, AC-III, or a

mutated AC element (mAC) were included in the reactions.
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et al., 2007), indicating that the biosynthesis of secondary wall

components is a highly coordinated process and that an alter-

ation in the biosynthesis of one component may lead to an

impediment in the biosynthesis of other wall components.

Direct Activation of Lignin Biosynthetic Pathway Genes

by MYB58

Direct target analysis using the steroid receptor–inducible system

reveals that MYB58 directly activates the expression of all genes

except F5H1 in the lignin biosynthetic pathway. The activation of

these genes byMYB58 ismost likely through its binding to the AC

elements based on the findings thatmutation of the AC element in

the 4CL1 promoter abolishes MYB58-induced activation of the

4CL1 promoter and that MYB58 is able to bind to the AC

elements in vitro. AC elements have been found to be present in

the promoters ofPAL1, 4CL1, hydroxycinnamoyl CoA:shikimate/

quinate hydroxycinnamoyltransferase (HCT), p-coumarate 3-

hydroxylase 1 (C3H1), caffeoyl CoA 3-O-methyltransferase 1

(CCoAOMT1), cinnamoyl CoA reductase (CCR1), and cinnamyl

alcohol dehydrogenase 6 (CAD6) (Raes et al., 2003), all of which

are activated byMYB58. Cinnamate 4-hydroxylase (C4H), F5H1,

Figure 9. Direct Activation of Monolignol Biosynthetic Genes by MYB58.

Arabidopsis leaf protoplasts were transfected with MYB58 fused with the regulatory region of HER under the control of the CaMV 35S promoter. After

transfection, the protoplasts were treated with estradiol, cycloheximide (CHX), or cycloheximide plus estradiol. The expression of the monolignol

biosynthetic genes was analyzed by real-time quantitative RT-PCR. The quantitative differences of the expression of the tested genes between the

control and treated samples are statistically significant (P < 0.001). The expression level of each gene or GUS activity in the mock-treated (control) or

cycloheximide-treated protoplasts (CHX) is set to 1. Error bars represent SE of three biological replicates.

(A) Diagrams of the MYB58-HER construct used for direct target analysis and the 4CL1 promoter-driven GUS reporter gene construct.

(B) GUS activity in leaf protoplasts cotransfected with 35S:MYB58-HER and 4CL1P:GUS. Addition of the protein synthesis inhibitor cycloheximide at 2

mM completely abolished the estradiol-induced GUS activity, indicating that new protein synthesis was completely inhibited by the treatment.

(C) Induction of the monolignol biosynthetic genes by estradiol treatment of protoplasts expressing MYB58-HER. Addition of estradiol releases MYB58-

HER from the cytoplasm and its subsequent entry into the nucleus leads to activation of its downstream target genes.

(D) Induction of the monolignol biosynthetic genes by estradiol activation of MYB58 occurred in the presence of cycloheximide.
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and caffeic acid O-methyltransferase (COMT) do not have

apparent AC elements in their promoters based on stringent

AC element selection criteria (Raes et al., 2003), although one

could not exclude the possibility that more degenerate AC

elements may be present in their promoters or other parts of

the gene sequence. Consistent with this possibility, the C4H and

COMT genes are also shown to be directly activated by MYB58.

The findings that MYB58 directly activates the expression of

lignin biosynthetic genes and that it is able to bind to the AC

elements support the hypothesis that AC elements serve as a

common means for the coordinated regulation of genes in the

entire lignin biosynthetic pathway. Since AC elements are also

present in the promoters of lignin biosynthetic genes in tree

species (Lauvergeat et al., 2002), it will be interesting to inves-

tigate whether the AC element-mediated coordination of regu-

lation of lignin biosynthetic genes is conserved in woody plants.

A number of MYB transcription factor genes have been isolated

from various tree species, and some of them have been shown

to bind to the AC elements (Patzlaff et al., 2003a, 2003b;

Goicoechea et al., 2005). It will be important to find out which

of these tree MYBs is involved in direct activation of lignin

biosynthetic genes. It should be noted that although both LAC4

and LAC17 promoters contain putative AC elements, only the

LAC4 gene was induced by MYB58 and MYB63. This indicates

that not all gene promoters containing AC elements can be

induced by MYB58 and MYB63, which supports the notion that

the activation of phenylpropanoid biosynthetic genes may involve

the combinatorial actions of different transcriptional activators

and repressors (Jin et al., 2000).

Induction of the SecondaryWall—Associated LAC4Geneby

MYB58 and MYB63

We have demonstrated that in addition to the monolignol bio-

synthetic genes, the expression of a laccase gene, LAC4, is also

Figure 10. Expression of the Secondary Wall–Associated Laccase4

Gene Is Induced by MYB58 and MYB63.

The expression of LAC4 and LAC17 was studied using real-time quan-

titative RT-PCR. The quantitative differences of their expression between

the control and the treated samples are statistically significant (P <

0.001). Error bars represent SE of three biological replicates.

(A) LAC4 and LAC17 were expressed highly in interfascicular fibers and

xylem cells. RNAs used for gene expression analysis were isolated from

laser-microdissected cells. The expression levels of LAC4 and LAC17 in

the pith cells are set to 1.

(B) LAC4 and LAC17 were expressed predominantly in inflorescence

stems. Their expression levels in leaves are set to 1.

(C) Overexpression of MYB58 and MYB63 induced the expression of

LAC4 but not LAC17. Arabidopsis leaf protoplasts were transfected with

the CaMV 35S promoter–driven MYB58 (MYB58-OE) and MYB63

(MYB63-OE) expression constructs or an empty vector (control). The

expression levels of LAC4 and LAC17 in the control are set to 1.

(D) and (E) Direct activation of the LAC4 gene by MYB58. Arabidopsis

leaf protoplasts were transfected with the CaMV 35S promoter–driven

MYB58-HER construct. Estradiol activation of MYB58 induced the

expression of LAC4 (D), and this induction still occurred when new

protein synthesis was completely inhibited by cycloheximide (E). The

expression level of LAC4 in the mock-treated (control) or cycloheximide-

treated (CHX) protoplasts is set to 1.

Figure 11. The Expression of MYB58 and MYB63 Is Induced by Over-

expression of NST2 (NST2-OE), VND6 (VND6-OE), VND7 (VND7-OE),

and MYB46 (MYB46-OE).

The expression levels ofMYB58 andMYB63 in the leaves of the wild type

and the overexpressors were analyzed using real-time quantitative RT-

PCR. The quantitative differences of their expression between the wild

type and the overexpressors are statistically significant (P < 0.001). Their

expression levels in the wild type are set to 1. Error bars represent SE of

three biological replicates.
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regulated by MYB58 and MYB63. Laccases together with per-

oxidases have been proposed to be oxidases responsible for the

oxidation of monolignols, including p-coumaryl alcohol, coniferyl

alcohol, and synapyl alcohol. Previous studies have shown that

laccase enzymes are able to oxidize monolignols and that their

genes are expressed in lignifying cells (Boerjan et al., 2003).

However, no specific laccase genes have been demonstrated to

be coregulated with lignin biosynthetic genes during secondary

wall formation. The findings thatLAC4 is specifically expressed in

cells undergoing lignification and that its expression is coregu-

lated with lignin biosynthetic genes by MYB58 and MYB63

suggest that LAC4 is most likely involved in lignin biosynthesis

in fibers and vessels. These findings also indicate that MYB58

and MYB63 regulate the coordinated expression of genes in-

volved in both monolignol biosynthesis and polymerization,

which is consistentwith their overexpression phenotype showing

an ectopic accumulation of lignin in the cell walls of normally

unlignified cells.

Transcriptional Regulatory Network Controlling Secondary

Wall Biosynthesis

Previous work has suggested that a transcriptional network is

involved in the regulation of secondary wall biosynthesis. In this

network, SND1 and its close homologs, including NST1, NST2,

VND6, and VND7, are master switches regulating a cascade of

downstream transcription factors leading to activation of the

entire secondary wall biosynthesis program. It has been pro-

posed that SND1, NST1, NST2, VND6, and VND7 are functional

homologs regulating the same downstream targets, albeit in

different cell types (Zhong et al., 2008). Our finding that MYB58

and MYB63 are regulated by SND1 and its close homologs

further supports this hypothesis. The fact that MYB46 also

regulates the expression of MYB58 and MYB63 indicates that

MYB58 and MYB63 are downstream of MYB46. Because

MYB58 directly activates the expression of lignin biosynthetic

genes, it appears that MYB58 and MYB63 are positioned at the

lowest level in the SND1-mediated transcriptional network. Fur-

ther studies on how the expression of MYB58 and MYB63 is

regulated will help us uncover the transcription factors that link

SND1 andMYB58/MYB63 in the SND1-mediated transcriptional

network.

The finding that MYB58 and MYB63 specifically activate the

expression of lignin biosynthetic genes suggests that direct

activation of the individual biosynthetic pathways leading to the

biosynthesis of cellulose, xylan, and lignin might be mediated by

pathway-specific transcription factors. Because SND1, its close

homologs, andMYB46 aremaster activators for the biosynthesis

of cellulose, xylan, and lignin, some of their downstream tran-

scription factors other than MYB58 and MYB63 are likely in-

volved in direct activation of the biosynthetic pathways for

cellulose and xylan. Identification of transcription factors specif-

ically regulating the biosynthesis of cellulose and xylan will

provide novel tools for targeted alterations of secondary wall

biosynthesis in transgenic plants.

In conclusion, we have demonstrated that MYB58 andMYB63

are SND1-regulatedMYB transcription factors directly activating

lignin biosynthetic genes during secondary wall formation. Un-

covering MYB58 and MYB63 as lignin-specific transcriptional

activators provides new insights into the SND1-mediated cas-

cade of transcription factors regulating secondary wall biosyn-

thesis. It is likely that the regulation of lignin biosynthesis is

mediated by a combinatorial coordination of many different

transcription factors, including LIM transcription factors (Rogers

and Campbell, 2004) and other MYBs in addition to MYB58

and MYB63. It has recently been shown that another secondary

wall–associated MYB protein, MYB85, is able to activate lignin

biosynthetic genes and its overexpression results in ectopic

deposition of lignin (Zhong et al., 2008). We recently found that

activation of the lignin biosynthetic genes byMYB85 requires the

AC elements in their promoters, indicating that MYB58, MYB63,

and MYB85 may function redundantly in the regulation of lignin

biosynthesis during secondary wall formation. This proposed

functional redundancy may explain why dominant repression or

simultaneous RNAi inhibition of MYB58 and MYB63 only results

in a partial loss of lignin deposition (Table 3). In addition to

transcriptional activators, such as MYB58, MYB63, and MYB85,

lignin biosynthesis may also be regulated by repressors as

exemplified by At MYB4 that was shown to be a transcriptional

repressor of the phenylpropanoid biosynthetic pathway (Jin

et al., 2000). Further dissection of transcription factors involved

in the regulation of lignin biosynthesis will undoubtedly enrich our

knowledge on the biosynthesis of lignin, the second most abun-

dant biopolymer produced by land plants. Like SND1 and

MYB46, close homologs of MYB58 and MYB63 are present in

tree species, such as poplar, indicating that a similar transcrip-

tional network may be involved in the regulation of secondary

wall biosynthesis during wood formation. It is expected that

further investigation of the transcriptional regulation of second-

ary wall biosynthesis in Arabidopsis will help us unravel the

molecular mechanisms controlling wood formation and lignifi-

cation in tree species.

METHODS

Plant Materials

Wild-type Arabidopsis thaliana (ecotype Columbia), SND1/NST1 RNAi

line (Zhong et al., 2007b), and the overexpression lines of SND1, NST1,

NST2, VND6, and VND7 (Zhong et al., 2006, 2007a, 2008) were grown in a

greenhouse.

Real-Time Quantitative RT-PCR and GUS Reporter Gene Analyses

Inflorescence stems of 6-week-old Arabidopsis plants were subjected to

microdissection of interfascicular fiber cells, xylem cells, and pith cells

using the PALM microlaser system (PALM Microlaser Technologies).

Total RNA was extracted from the isolated cells and used for cell type–

specific gene expression analysis (Zhong et al., 2006).

Total RNA was isolated from different Arabidopsis organs or different

transgenic lines using a Qiagen RNA isolation kit following the manufac-

turer’s protocol. The seedlings usedwere 2weeks old. Mature leaves and

roots were from 6-week-old plants. Top (rapidly elongating internodes),

middle (elongating internodes near cessation), and bottom (nonelongat-

ing internodes) parts of inflorescence stemswere from8-week-old plants.

Real-time quantitative RT-PCR analysis was done using the first-strand

cDNA as a template with the QuantiTect SYBR Green PCR kit (Clontech).

Primers used for PCR analysis of CesA and IRX genes were from Zhong
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et al. (2006), and those for lignin biosynthetic genes were from Raes et al.

(2003). Additional primers are listed in Supplemental Table 1 online. The

PCR threshold cycle number of each genewas normalizedwith that of the

EF1a reference gene (primers: 59-TGAGCACGCTCTTCTTGCTTTCA-39

and 59-GGTGGTGGCATCCATCTTGTTACA-39) to calculate the relative

mRNA levels.

The GUS reporter gene was employed to study the developmental

expression pattern of the MYB58 and MYB63 genes. The genomic DNA

fragment containing a 3-kb 59 upstream sequence, the entire MYB58 or

MYB63 exon and intron region, and a 2-kb 39downstream sequence was

used. The MYB58:GUS and MYB63:GUS constructs in the binary vector

pBI101 (Clontech) were made by ligating the PCR-amplified genomic

DNA fragments (primers are listed in Supplemental Table 1 online) into the

SalI and SacI sites in pBI101. The constructs were transformed into wild-

type Arabidopsis plants by the Agrobacterium tumefaciens–mediated

transformation procedure (Bechtold and Bouchez, 1994). The first gen-

eration of 6-week-old transgenic plants was examined for the expression

of the GUS reporter gene (Zhong et al., 2005).

Phylogenetic Analysis

The sequences ofMYBproteinswere aligned using theClustalWprogram

(Thompson et al., 1994), and their phylogenetic relationship was analyzed

with the SEQBOOT, PROTDIST, NEIGHBOR, and CONSENSE programs

using the default values provided in the PHYLIP software (Felsenstein,

1989). The statistical significance of the tree was tested by bootstrap

analysis of 1000 trials. The phylogenetic tree was displayed using the

TREEVIEW program (Page, 1996). The sequence alignment between

MYB58 and MYB63 in Figure 1G was done using the ClustalW program.

Subcellular Localization and Transcriptional Activation Analysis

The MYB58-YFP and MYB63-YFP constructs were created by ligating

the PCR-amplified (primers are listed in Supplemental Table 1 online) full-

length cDNA ofMYB58 orMYB63 at the BamHI site in frame with the YFP

cDNA between the CaMV 35S promoter and the nopaline synthase

terminator in pBI221 (Clontech). They were cotransfected with an SND1-

CFP expression construct (Zhong et al., 2006) into Arabidopsis leaf

protoplasts by the polyethylene glycol–mediated transfection according

to Sheen (2001). The DIC imageswere obtainedwith theDIC setting using

a compound microscope. Fluorescence signals (excitation = 500 nm and

emission = 535 nm for YFP; excitation = 436 nm and emission = 480 nm

for CFP) in the transfected protoplasts were examined using a Leica TCs

SP2 spectral confocal microscope (Leica Microsystems).

The constructs for transactivation in yeast were generated by ligating

the PCR-amplified cDNA (primers are listed in Supplemental Table

1 online) of MYB58 or MYB63 into the BamHI site of the pAS2-1 vector

(Clontech). They were transformed into the yeast strain CG-1945 con-

taining the His3 and LacZ reporter genes. The transformed yeast cells

were grown on synthetic defined medium without His and subsequently

assayed for b-galactosidase activity (Miller, 1972).

Generation of Transgenic Plants with Dominant Repression and

Overexpression of MYB58 and MYB63

The full-length cDNA of MYB58 or MYB63 was fused at its C terminus in

frame with the dominant EAR repression sequence (Hiratsu et al., 2004)

by PCRamplification (primers are listed in Supplemental Table 1 online) to

generate the MYB58 and MYB63 dominant repression constructs

(MYB58-DR and MYB63-DR). The dominant EAR repression DNA se-

quence (Hiratsu et al., 2004) was added to the primer used for PCR

amplification of the full-length MYB58 or MYB63 cDNA. The fused

fragment was ligated downstream of the CaMV 35S promoter at the

BamHI site in the binary vector pBI121 (Clontech). The full-length cDNA of

MYB58 orMYB63was ligated downstream of the CaMV 35S promoter at

the BamHI site in pBI121 to create the MYB58 and MYB63 overexpres-

sion constructs. The dominant repression and overexpression constructs

were transformed into wild-type Arabidopsis plants (Bechtold and

Bouchez, 1994), and the first generation of transgenic plants was used

for examination of phenotypes.

Simultaneous RNAi Inhibition of MYB58 and MYB63

The RNAi construct for inhibition ofMYB58 andMYB63 expressions was

created as follows. The fused MYB58 and MYB63 cDNAs (primers are

listed in Supplemental Table 1 online) were cloned into pBI121 at the SalI/

SacI sites in opposite orientations on both sides of theGUS spacer, which

is located between the CaMV 35S promoter and the nopaline synthase

terminator. The RNAi construct was transformed into Arabidopsis plants,

and 96 independent transgenic lines were generated. Real-time quanti-

tative RT-PCR analysis showed that the expression levels ofMYB58 and

MYB63 in 23 transgenic lines were reduced to <10% of that in the wild

type. The inflorescence stems of these lines were used for analysis of

lignin composition.

Histology

Tissues embedded in Low Viscosity (Spurr’s) resin (Electron Microscopy

Sciences) were sectioned (1-mm-thick) and stained with toluidine blue for

light microscopy (Burk et al., 2006). For observation of subcellular

structures, 85-nm-thick sections were poststained with uranyl acetate

and lead citrate and observed using a Zeiss EM 902A transmission

electron microscope (Carl Zeiss). Metaxylem vessels and the first layer of

interfascicular fibers next to the endodermis were measured for their wall

thickness. For each construct used for transformation, at least 10

transgenic plantswith themost severe phenotypes in their first generation

were examined for the wall thickness of fibers and vessels.

For visualization of lignified cell walls in leaves, methanol-cleared

leaves were used for examination of lignin autofluorescence and collec-

tion of DIC images under a microscope (Zhong et al., 2006). For exam-

ination of lignified cell walls in stems, 50-mm-thick sections were stained

for 5 min with 1% phloroglucinol in 6 N HCl for lignin, which was shown as

a bright red color. One-micrometer-thick sections were stained for

cellulose with 0.01% Calcofluor White and observed with a UV fluores-

cent microscope as described (Hughes and McCully, 1975). Under the

conditions used, only secondary walls exhibited brilliant fluorescence.

Immunolocalization of Xylan

For examination of xylan in cell walls, 1-mm-thick sections were probed

with the LM10 monoclonal antibody (1:10 dilution), which binds to 4-O-

methylglucuronoxylan (McCartney et al., 2005), and detected with fluo-

rescein isothiocyanate–conjugated goat-anti-rat secondary antibodies

(Sigma-Aldrich) according to McCartney et al. (2005). The fluorescence-

labeled xylan signals were visualized with a UV fluorescencemicroscope.

Lignin Composition Analysis

Lignin composition was determined as described by Akin et al. (1993) and

Zhong et al. (1998). Leaves and stems were ground into fine powder in

liquid nitrogen and extracted in 70%ethanol at 708C. After vacuumdrying

at 608C, the samples were hydrolyzed in 4 N NaOH at 1708C for 2 h. The

hydrolysate was acidified with 2 N HCl to pH 2.0. The released lignin

monomers were extracted into diethylether and vacuum dried. The

residue was dissolved in pyridine and N,O-bis(trimethylsilyl)trifluoroace-

tamide and analyzed for phenolics by gas–liquid chromatography. Phe-

nolic compounds were identified by comparison of their mass spectra

with those of the authentic compounds. All samples were run in duplicate.

G (guaiacyl) lignin is the sum of vanillin, acetovanillin, and vanillic acid. S
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(syringyl) lignin is the sum of syringaldehyde, acetosyringaldehyde, and

syringic acid.

Transfection of Leaf Protoplasts for Transactivation Study

For analysis of the transactivation of the 4CL1 promoter by MYB58 and

MYB63, the effector constructs were created by ligating the PCR-

amplified (primers are listed in Supplemental Table 1 online), full-length

cDNA of MYB58 or MYB63 into the BamHI site between the CaMV 35S

promoter and the nopaline synthase terminator in pBI221 without GUS.

The 4CL1 promoter fragments or a 38-bpDNA oligonucleotide containing

three copies of the AC element (3xAC; 59-agtccaccaaccgccaccaaccgcc-

accaaccgctgtt-39) linked with the CaMV 35S minimal promoter were

ligated at the BamHI site upstream of the GUS reporter gene in pBI221

without the CaMV 35S enhancer sequence to create the reporter con-

structs. The mutation of the AC element in the 4CL1 promoter was done

by PCR amplification with primers containing the mutated AC element

(primers are listed in Supplemental Table 1 online). The reporter and

effector constructs were cotransfected into Arabidopsis leaf protoplasts

(Sheen, 2001). A reference construct containing the firefly luciferase gene

driven by the CaMV 35S promoter was also included in the transfection to

determine the transfection efficiency. GUS and luciferase activities were

assayed as described (Gampala et al., 2001) in the soluble extracts lysed

from the transfected protoplasts after 20-h incubation. The GUS activity

was calculated by normalizing against the luciferase activity in each

transfection. The data were the averages of three biological replicates.

Estrogen-Inducible System for Testing Direct Activation of Genes

by MYB58

The MYB58-HER and MYB63-HER expression constructs were created

by ligating the PCR-amplified (primers are listed in Supplemental Table

1 online) full-length cDNA of MYB58 or MYB63 at the BamHI site fused

with the regulatory region of HER at the C terminus (Zuo et al., 2000)

between the CaMV 35S promoter and the nopaline synthase terminator in

pBI221 without GUS. These constructs alone or together with the 4CL1P:

GUS construct were transfected intoArabidopsis leaf protoplasts (Sheen,

2001). The protoplasts were incubated with 2 mM estradiol (Sigma-

Aldrich) for 6 h to activate the MYB58 and MYB63 activities. The same

concentration of ethanol used to dissolve estradiol was applied to the

control protoplasts as the mock treatment. Where indicated, protoplasts

were treated with cycloheximide (2 mM) 30 min before addition of

estradiol to inhibit new protein synthesis. Under this condition, no new

protein synthesis was detected by the GUS reporter gene analysis. The

treated protoplasts were subsequently used for GUS activity analysis or

subjected to total RNA isolation and real-time quantitative RT-PCR

analysis. The expression level of each gene in the control protoplasts

without addition of estradiol was set to 1, and the data were the averages

of three biological replicates.

EMSA

The PCR-amplified MYB58 or MYB63 cDNA (primers are listed in Sup-

plemental Table 1 online) was ligated into the BamHI site in the pMAL

vector (New England Biolabs) and expressed in Escherichia coli. The

recombinant protein was purified using amylose resin (New England

Biolabs) according to the manufacturer’s protocol. Purified recombinant

MYB58 and MYB63 fused with the MBP were analyzed for their ability to

bind to the 260-bp 4CL1 promoter fragment and the 38-bp oligonucle-

otide containing three copies of the AC element (3xAC) in EMSA. The

4CL1 promoter fragment and the 3xAC oligonucleotide were biotin-

labeled at the 39 end using the Biotin 39EndDNA Labeling Kit (Pierce). The

biotin-labeled DNA fragments were incubated for 30 min with 100 ng of

MBP,MYB58-MBP, orMYB63-MBP in the binding buffer [10mMTris, pH

7.5, 50 mM KCl, 1 mM DTT, 2.5% glycerol, 5 mMMgCl2, 0.05% Nonidet

P-40, 100 ng/mL poly(dI-dC)]. For competition analysis, unlabeled AC-I

(59-ctatttcctatattacctacctcttatac-39), AC-II (59-ctatttcctatattaccaacctct-

tatac-39), AC-III (59-ctatttcctatattacctaactcttatac-39), or mAC (59-ctatt-

tcctatattaaatatttcttatac-39) oligonucleotide was included in the reactions

as competitors in a 20-fold molar excess relative to the labeled probes.

The MYB58- or MYB63-bound DNA fragments separated by 10% PAGE

were electroblotted onto nitrocellulose membrane and subsequently

detected using the Chemiluminescent Detection Kit (Pierce).

Statistical Analysis

The Student’s t test program (http://www.graphpad.com/quickcalcs/

ttest1.cfm) was used for statistical analysis of the data in the experiments

of quantitative RT-PCR, transcriptional activation of the GUS reporter

gene, and measurement of cell wall thickness. In all these experiments, it

was found that the quantitative differences between the two groups of

data for comparison were statistically significant (P < 0.001).

Accession Numbers

The Arabidopsis Genome Initiative locus identifiers or the GenBank

database accession numbers for the genes investigated in this study are

MYB58 (At1g16490), MYB63 (At1g79180), SND1 (At1g32770), NST1

(At2g46770), NST2 (At3g61910), VND6 (At5g62380), VND7 (At1g71930),

MYB46 (At5g12870), MYB20 (At1g66230), MYB85 (At4g22680), MYB103

(At1g63910), MYB42 (At4g12350), MYB43 (At5g16600), MYB20

(At1g66230), MYB52 (At1g17950), MYB54 (At1g73410), MYB69

(At4g33450), MYB61 (At1g09540), MYB26 (At3g13890), MYB75

(At1g56650), LAC4 (At2g38080), LAC17 (At5g60020), PAL1

(At2g37040), C4H (At2g30490), 4CL1 (At1g51680), HCT (At5g48930),

C3H1 (At2g40890), CCoAOMT1 (At4g34050), CCR1 (At1g15950), F5H1

(At4g36220), COMT (At5g54160), CAD6 (At4g34230), CesA4

(At5g44030), CesA7 (At5g17420), CesA8 (At4g18780), IRX8

(At5g54690), IRX9 (At2g37090), CHS (At5g13930), CHI (At3g55120),

ALDH (At3g24503), SMT (At2g22990), Vv MYB5a (AY555190), Pt MYB1

(AY356372), Pt MYB4 (AY356371), Am MYB308 (P81393), Am MYB330

(P81395), Ptt MYB21a (AJ567345), Eg MYB1 (CAE09058), Eg MYB2

(AJ576023), Zm MYB31 (CAJ42202), and Zm MYB42 (CAJ42204).
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Supplemental Figure 1. Subcellular Localization of MYB58 and
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