
Abstract The maize (Zea mays L.) caffeic acid

O-methyl-transferase (COMT) is a key enzyme in the

biosynthesis of lignin. In this work we have character-

ized the involvement of COMT in the lignification

process through the study of the molecular mechanisms

involved in its regulation. The examination of the maize

COMT gene promoter revealed a putative ACIII box,

typically recognized by R2R3-MYB transcription fac-

tors. We used the sequence of known R2R3-MYB

factors to isolate five maize R2R3-MYB factors

(ZmMYB2, ZmMYB8, ZmMYB31, ZmMYB39, and

ZmMYB42) and study their possible roles as regulators

of the maize COMT gene. The factors ZmMYB8,

ZmMY31, and ZmMYB42 belong to the subgroup 4 of

the R2R3-MYB family along with other factors asso-

ciated with lignin biosynthesis repression. In addition,

the induction pattern of ZmMYB31 and ZmMYB42

gene expression on wounding is that expected for

repressors of the maize COMT gene. Arabidopsis

thaliana plants over-expressing ZmMYB31 and

ZmMYB42 down-regulate both the A. thaliana and the

maize COMT genes. Furthermore, the over-expression

of ZmMYB31 and ZmMYB42 also affect the expres-

sion of other genes of the lignin pathway and produces a

decrease in lignin content of the transgenic plants.
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Introduction

Lignification is a complex process common to all

vascular plants. Lignin is mainly composed of three

subunits, p-hydroxyphenyl (H), guaiacyl (G), and

syringyl (S), whose proportions in the final polymer

differ depending on the plant species (Lewis and

Yamamoto 1990). The accumulation of lignins in

plant cell walls increases the strength and stiffness

of fibers, improves the efficiency of water transport

through the vascular system, and protects plants

from pathogen attack (Whetten et al. 1998; Mel-

lerowicz et al. 2001; Boerjan et al. 2003; Boudet

et al. 2003).

Most of the studies on lignin biosynthesis per-

formed so far have been done using dicot plants as a

model, with many transgenic plants down-regulating

and/or over-expressing one of the genes involved in

lignification. An exhaustive compilation of the results

obtained by studying these transgenes has been pub-

lished (Anterola and Lewis 2002). In contrast, much

less is known about lignification in Zea mays. In fact,

only the characterization of some spontaneous maize

mutants having a brown midrib (bm) pigmentation in

lignifying tissues have been associated with lignin

metabolism. Among all the bm mutants, the most

characterized are bm1 and bm3, defective in cinnamyl
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alcohol dehydrogenase (CAD) activity and caffeic

acid O-methyl-transferase (COMT) activity, respec-

tively (Halpin et al. 1998; Vignols et al. 1995; Morrow

et al. 1997). Indeed, it has been demonstrated that the

lack of COMT activity in the bm3 mutant is associ-

ated with a disruption of the COMT gene (Vignols

et al. 1995).

Over the last few years, the regulation of some

genes of the lignin biosynthetic pathway has begun

to be unraveled by the isolation and characterization

of R2R3-MYB factors. Although several R2R3-

MYB factors belonging to different subgroups have

been described as regulators of lignification, such as

the Pinus taeda PtMYB4, poplar PttMYB21a

(Patzlaff et al. 2003a; Karpinska et al. 2004), and

Eucalyptus gunnii EgMYB2 (Goicoechea et al.

2005), at present, a clear role in the repression of

lignin biosynthesis has only been attributed to

R2R3-MYB factors belonging to the subgroup 4. In

fact, the first MYB factors that were associated with

down-regulation of lignification are the Antirrhinum

majus AmMYB308 and AmMYB330 (Tamagnone

et al., 1998a). These two factors are able to down-

regulate 4-coumarate:CoA ligase (4CL1), cinnamate-

4-hydroxylase (C4H), and CAD when over-expressed

in tobacco plants. The later characterization of

another subgroup 4 factor from A. thaliana,

AtMYB4, revealed that, in the knock-out Atmyb4

plant there is an increase in C4H gene expression,

as well as a decrease in caffeoyl-CoA O-methyl-

transferase (CCoAOMT) gene expression (Jin et al.

2000). Recently, a subgroup 4 R2R3-MYB factor

from A. thaliana, AtMYB32, has been proposed to

repress the A. thaliana COMT gene as the Atmyb32

mutant slightly increases the expression of AtCOMT

(Preston et al. 2004).

Maize is an important crop and forage plant,

whose economical and nutritional value is affected

by its lignin content, and many studies have been

undertaken to improve its digestibility by reducing

the accumulation of this polymer (Boudet et al.

2003; Boerjan et al. 2003). Different enzymes of the

lignin biosynthesis pathway have been already de-

scribed in maize but COMT (EC 2.1.1.6) is probably

the best known enzyme associated with lignification

in this species. Maize COMT has been characterized

as an enzyme encoded by a single gene, which is

mainly expressed in lignifying tissues and specifically

methylates caffeic acid in vitro (Collazo et al. 1992).

As for many genes involved in lignification, COMT

gene expression is also regulated by wounding

(Capellades et al. 1996). A similar bm3 phenotype

has been obtained by partial down-regulation of

COMT in transgenic maize plants (Piquemal et al.

2002).

At present, virtually nothing is known concerning

the molecular mechanisms involved in the regulation

of lignin genes in maize, in which only five maize

R2R3-MYB factors, C1 and PL (Paz-Ares et al.

1987; Marocco et al. 1989; Cone et al. 1993; Pilu

et al. 2003), P (Grotewold et al. 1991, 1994), Zm1

and Zm38 (Franken et al. 1989; Marocco et al. 1989)

have been previously characterized as transcription

factors involved in the regulation of flavonoid bio-

synthesis. For this reason and to gain more infor-

mation on the regulation of lignin biosynthesis in

maize, we used COMT as a target gene to identify

factors acting as repressors of maize lignification.

Previous work has shown that a 2 kb region of the

maize COMT gene promoter drives the expression of

the GUS gene with the same specificity in maize and

tobacco, suggesting that the molecular mechanisms

governing the COMT gene expression are at least

partially conserved between such two evolutionary

distant species (Capellades et al. 1996).

The detailed examination of the maize COMT

gene promoter revealed a putative ACIII box, 200 bp

upstream from the transcription initiation site, sug-

gesting a possible involvement of MYB factors in the

regulation of maize COMT gene expression. Several

R2R3-MYB factors, such as PtMYB1 (Patzlaff et al.

2003a), PtMYB4 (Patzlaff et al. 2003b), and EgMYB2

(Goicoechea et al. 2005) have already been associated

with the regulation of lignin biosynthesis through

their in vitro interaction with ACI, ACII, and ACIII

cis-elements. Therefore, using degenerated primers

from the subgroup 4 R2R3-MYB factors and screen-

ing a cDNA library, we isolated five new maize

R2R3-MYB transcription factors belonging to three

different subgroups of the family. We generated

A. thaliana lines over-expressing these factors to study

their possible involvement in the regulation of COMT

gene. We observed that only the ZmMYB31 and

ZmMYB42 subgroup 4 factors down-regulate both

the A. thaliana and the maize COMT genes. Thus, we

report for the first time the identification of two

repressors of the maize COMT gene through the

isolation and identification of a new set of maize

R2R3-MYB transcription factors. In addition, we

showed that ZmMYB31 and ZmMYB42 regulate

other genes of the lignin pathway and affect the lignin

content of the A. thaliana transgenic plants.
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Materials and methods

Plant material

Zea mays L. (W64A inbred line) plants were grown

under greenhouse conditions (28�C day and 22�C night

with 70% humidity). Plants received a 16/8 h photo-

period of natural and supplemental light (high-pressure

sodium lamps 250 lE m-2 s–1) and samples of six dif-

ferent plants, were collected at different growth stages

(6–10 and 20 days). For wounding assays, maize leaves

of 10-day-old plants were wounded by transversal

incisions with a scalpel blade and harvested at different

times after treatment (ranging from 0.5 h to 24 h).

Each sample was constituted by six leaves taken from

three different plants. Plant tissues were immediately

frozen in liquid nitrogen and stored at –80�C until

analyzed.

Arabidopsis thaliana (ecotype C24, WS, and

Columbia) plants were grown under standard green-

house conditions (25�C day and 22�C night with 50%

humidity) with a 16/8 h photoperiod as mentioned

above. pCOMT::GFP homozygous A. thaliana plants

was used to pollinate homozygous A. thaliana plants

over-expressing ZmMYB2, ZmMYB8, ZmMYB31,

ZmMYB39 and ZmMYB42 factors. Hemizygous seeds

from these crosses were then germinated in vitro on

MS medium (Murashige and Skoog 1962), supple-

mented with 3 g l–1 sucrose for ten days, and analyzed

for green florescence.

Rosette leaves of homozygous pCOMT::GFP adult

plants were wounded by transversal incisions with a

scalpel blade and harvested at 6 h for green florescence

analyses.

Isolation of five maize R2R3-MYB transcription

factors

The isolation of maize R2R3-MYB cDNA was done

using degenerated primers based on the sequence of A.

majus AmMYB308 and AmMYB330 cDNAs (Tamag-

none et al. 1998a). The sequences of the degenerated

primers designed for this work were:

Fw1: 5¢-ccNtgYtgYgaRaaRgcNcaYacNaa-3¢; Fw2: 5¢-
gaYctNaaRcgNggNaaYttYac-3¢.
Rv1: 5¢-ggNatHgaYccNacNacNca-3¢; Rv2: 5¢-ggNatH-

gaYccNcaRacNca-3¢.

These degenerated primers were used to amplify the

corresponding cDNA region of maize R2R3-MYB

factors from the elongation region of a maize root

cDNA library described by Vignols et al. (1999) in

which lignification is widely active (Vignols et al., 1999;

de Obeso et al. 2003; Caparrós-Ruiz et al. 2006).

Briefly, total RNA was isolated from 9-day old tip-less

roots and Poly(A)+ RNA isolated from total RNA,

using the PolyATrack kit (Promega). For the synthesis

of double-stranded cDNA, 5 lg of Poly(A)+ RNA

(kZAPII-cDNA synthesis kit from Stratagene) was

used. Finally, ligation and packaging of cDNA (Giga-

pack, Stratagene) was performed according to the

manufacturer’s instructions.

The amplified cDNA fragments were used as a

probe to screen the previous cDNA library for full-

length R2R3-MYB cDNA clones. Seventy clones were

excised in vivo to generate pBluescript phagemids

containing the cDNA inserts and sequenced. Five dif-

ferent maize R2R3-MYB cDNA clones resulting from

this cDNA screening were obtained and named

ZmMYB2, ZmMYB8, ZmMYB31, ZmMYB39 and

ZmMYB42. ZmMYB2 cDNA was isolated as a partial

clone, so its 5¢end was obtained using the 5¢RACE

amplification kit (Invitrogen) according to the manu-

facture’s instructions.

The primers used for 5’RACE amplification were:

ZmMYB2-RACE-1: 5¢-agcagcttcttgcggatgt-3¢; ZmMYB2-

RACE-2: 5¢-gagaggatcttcgtcgtg-3¢.

pCOMT::GFP expression construct, ZmMYB2,

ZmMYB8, ZmMYB31, ZmMYB39 and

ZmMYB42 over-expression constructs, and

A. thaliana transformation

The GFP cDNA was obtained from the pBIN19-35S-

SGFP-TYG-nos vector (Chiu et al. 1996), and the GFP

and nos-terminator digested with BamHI and EcoRI

restriction enzymes. This fragment was cloned into a

pUC18 vector containing the 2 kb maize COMT gene

promoter (Capellades et al. 1996). The maize COMT

gene promoter fused to GFP and the nos-terminator was

then digested with HindIII and EcoRI, cloned into the

pGREENII-0029 vector (Hellens et al. 2000a) and the

plasmid transferred into Agrobacterium tumefaciens

(C58pJIC strain) (Hellens et al. 2000b) by heat shock

(Hofgen and Willmitzer 1988). Finally, A. thaliana

(C24 inbred line) was transformed with A. tumefaciens

carrying the pCOMT::GFP construct, by floral dip

(Clough and Bent 1998).

The cDNA sequence of ZmMYB2, ZmMYB8,

ZmMYB31, ZmMYB39 and ZmMYB42 was placed in

the sense orientation between the double CaMV 35S
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promoter sequence and the pA35S transcription

terminator using the vector described by Reichel et al.

(1996). These five constructs were cloned into the

pCAMBIA1300 vector in the HindIII site. Finally, they

were transferred into A. tumefaciens (C5851 strain) by

heat shock and used for A. thaliana plant transforma-

tion by floral dip (Clough and Bent 1998).

Isolation of total RNA, RT-PCR and PCR

Total RNA was extracted with Trizol Reagent

according to the manufacturer’s instructions (Invitro-

gen). Approximately 4 lg of total RNA were reverse-

transcribed using M-MLV Reverse Transcriptase

(Invitrogen) according to manufacturer’s instructions.

First-strand cDNA was generated using an oligo(dT)15

primer, and 2 ll of the first-strand cDNA used as a

template in subsequent PCR reactions. Gene-specific

primers were used to amplify ZmMYB2, ZmMYB8,

ZmMYB31, ZmMYB39, and ZmMYB42, and

‘‘no-RT’’ PCR assays were performed to confirm the

absence of genomic DNA contamination. For each

assay, several numbers of cycles were tested to ensure

that the amplification was in the exponential range.

The identity of the amplified bands was further con-

firmed by DNA sequencing with the following primers:

Fw-ZmMYB2: 5¢-ctccgctggaccacctacct-3¢; Rv-ZmMYB2:

5¢-gctgcaccacatcatcagtt-3¢.
Fw-ZmMYB8: 5¢-ggccatatccgctagctaca-3¢; Rv-ZmMYB8:

5¢-actggaacacgcacatcaag-3¢.
Fw-ZmMYB31: 5¢-gaccaaggaggaggacgag-3¢; Rv-ZmMYB31:

5¢-tcatcatccatgtgaggtgtg-3¢.
Fw-ZmMYB39: 5¢-gccacggccacagcaactgg-3¢; Rv-ZmMYB39:

5¢-aaccgtctaggtccgtttcc-3¢.
Fw-ZmMYB42: 5¢-cttgaggtccagctcctcgt-3¢; Rv-ZmMYB42:

5¢-ctactggaacacgcacatcc-3¢.

The sequences of the primers used to amplify

ZmCOMT (AY323283), ZmActin (BT016731), and

ZmUbiquitin (U29159) were:

Fw-ZmCOMT: 5¢-aagtggctcacccccaacgag-3¢; Rv-ZmCOMT:

5¢-gaacacgccctgcgccttgc-3¢.
Fw-ZmActin: 5¢-ccaaggccaacagagagaaa-3¢; Rv-ZmAc-

tin: 5¢-tgaccatcaggcatctcgta-3¢.
Fw-ZmUbiq: 5¢-taagctgccgatgtgcctgcgtcg-3¢; Rv-ZmU-

biq: 5¢-ctgaaagacagaacataatgagcacaggc-3¢.

The gene-specific primers used for the analysis of

A. thaliana lignin biosynthetic genes had been derived

from the ‘‘lignin toolbox’’ previously described (Raes

et al. 2003).

The sequences of the primers used to amplify

AtCOMT (AY081565), At4CL1 (AY099747), AtC4H

(AY065145), AtCCoAOMT1 (AY143979), AtCAD6

(AY113919) and AtActin (AY096397) were:

Fw-AtCOMT: 5¢-cgtcgcagacaactttgatg-3¢; Rv-AtCOMT:

5¢-tgatctcccacatgtcatcg-3¢.
Fw-At4CL1: 5¢-ctccggtgtctggatcaact-3¢; Rv-At4CL1:

5¢-gaaatctggtgctgctcctc-3¢.
Fw-AtC4H: 5¢-gcaagctgaattgtccacct-3¢; Rv-AtC4H:

5¢-cacatccttgaagctgagca-3¢
Fw-AtCCoAOMT1: 5¢-catcatcgaccaatggagaa-3¢; Rv-

AtCCoAOMT: 5¢-tcgatcaaacgcttgtggta-3¢
Fw-AtCAD6: 5¢-cgagtctctcaaacgcagtg-3¢; Rv-AtCAD6:

5¢-gttaggtggagtcggtcaca-3¢
Fw-AtActin: 5¢-catctgttggaaggtgctga-3¢; Rv-AtActin:

5¢-actaccgcagaacgggaaat-3¢.

The sequence of the primers used to amplify

pCOMT::GFP construct was:

Fw-pCOMT: 5¢-ggtgtggtggttggtgagcc-3¢; Rv-GFP: 5¢-tc
acgaactccagcaggacc -3¢.

Sequence alignment, phylogenetic tree, and image

analysis

For the alignment of the maize R2R3-MYB sequences

the ClustalW program (http://www.ebi.ac.uk/clustalw/)

was used (Higgins et al. 1994). Poorly aligned positions

and divergent regions were eliminated by using

Gblocks 0.91b following the given options for a less

stringency (Castresana 2000). To construct the phylo-

genetic trees the PHYML (PHYlogenies by Maximum

Likelihood) online execution program (http://

www.atgc.lirmm.fr/phyml/) was used (Guindon et al.

2005), using the JTT model of amino acid substitution

with four substitution rate categories and an estimated

proportion of invariable sites.

Confocal Laser Scanning Microscopy (CLSM) was

done using a Leica TCS SP confocal laser scanning

microscope (Heidelberg, Germany) fitted to/with

spectrophotometers for emission band wavelength

selection was used with an argon ion laser emitting

at 488 nm to excite GFP. During scanning, we used a

triple-dichroic beam splitter (TD 488/543/633). For

visualization of GFP, the emission window was set at

495–540 nm. Serial optical slices of apical stems of

wild type and homozygous pCOMT::GFP adult

plants were taken each 1.5 lm. Confocal image

stacks were combined as x–y projection images. The
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transmitted laser light of the Argon laser emitting at

488 nm was collected on a photomultiplier tub

(PMTT).

Green florescence was measured using a Leica Ste-

reo-microscope (Leica, Wetzlar, Germany). Photos

were taken with a Leica DC 200 camera and further

analyzed with the Leica Confocal Lite Software pro-

gram (Leica, Wetzlar, Germany). An average of 8

roots was analyzed for each experiment. The green

florescence was quantified by densitometry using the

Quantity One 4.1.1 program (BIO-RAD). Each

determination was repeated three times and the results

were expressed as percentage of relative signal inten-

sity ±SD.

Lignin measurement

Lignin quantitative assay was performed by deriva-

tization with thioglycolic acid (Whitmore 1978) from

alcohol-insoluble residues (AIRs) of A. thaliana

stem cell material. Samples of wild type and A.

thaliana plants over-expressing ZmMYB31 and

ZmMYB42 were homogenized in 20 volumes of

absolute MeOH at top speed for 1 min. The

homogenate was vacuum filtered over Whatman GF/

C and rinsed with MeOH. The resulting residue was

then transferred to a glass beaker and dried at 60�C

during 24 h and the AIR obtained was used for

lignin determination. To 25 mg of AIR 2.5 ml of

2 N HCl and 0.25 ml of thioglycolic acid were ad-

ded in glass–screw–cap tubes and the sealed tubes

were placed at 100�C in a water bath. After 4 h of

incubation, the tubes were cooled and the content

was transferred to polypropylene centrifuge tubes.

After 10 min centrifugation at 30,000 · g at RT, the

resulting pellet was washed with 2.5 ml of H2O and

resuspended in 2.5 ml of 0.5 N NaOH. Lignin thio-

glycolate was extracted by an 18 h gentle agitation

at 25�C. After a 10 min centrifugation at 30,000 · g

at RT, the supernatant was transferred to glass

tubes and 0.5 ml of concentrated HCl was added.

The lignin thioglycolic acid (LTGA) was precipi-

tated 4 h at 4�C and after a 10 min centrifugation at

top speed, the resulting pellet was dissolved in 5 ml

of 0.5N NaOH and the A280 was measured. Each

sample was constituted by four different plants and

each determination was repeated three times.

The sequences designated ZmMYB2, ZmMYB8,

ZmMYB31, ZmMYB39, and ZmMYB42 have been

submitted to the Nucleotide Sequence Database

(AM156904, AM156905, AM156906, AM156907, and

AM156908, respectively).

Results

The maize COMT gene promoter directs GFP

expression in vascular tissues in A. thaliana

It has previously been shown that the maize COMT

gene promoter is able to preserve its expression spec-

ificity in transgenic tobacco plants (Capellades et al.

1996). Our results showed that, on fusing 2 kb of the

COMT gene promoter fragment to GFP, this specific-

ity of expression is maintained in A. thaliana, as GFP

was detected only in the vascular tissues of plant

undergoing lignification such as stems and roots

(Fig. 1A and B), and is absent in non-lignifying tissues

such as the root apical meristem (Fig. 1B). In addition,

the maize COMT gene promoter is also specifically

induced by wounding only in vascular tissues (Fig. 1C).

These results indicate that the molecular mechanisms

involved in the maize COMT gene promoter regula-

tion are at least partially conserved in A. thaliana and

maize.

Isolation of five maize R2R3-MYB transcription

factors: structure and comparison of proteins

The maize COMT gene promoter contains a putative

ACIII box approximately 200 bp upstream from the

transcription initiation site (Fig. 1D), typically recog-

nized by R2R3-MYB transcription factors. Therefore,

using degenerated primers based on the A. majus

AmMYB308 and AmMYB330 sequences (Tamagnone

et al. 1998a), we amplified a set of cDNA fragments

using a cDNA library obtained from the elongation

zone of the maize root in which lignification is widely

active as previously described (Vignols et al. 1999).

Once identified by sequencing, the interesting clones

(ZmMYB2, ZmMYB8, ZmMYB31, ZmMYB39, and

ZmMYB42) were used as a probe to obtain their

respective full-length sequences by the screening of the

same maize cDNA library.

The presumably full-length cDNA sequences of

ZmMYB2, ZmMYB8, ZmMYB31, ZmMYB39, and

ZmMYB42 are 1,339, 1,089, 1,264, 1,078, and 1,129 bp,

respectively, with the start codon of the deduced pro-

teins at position 69, 185, 141, 152, and 103 bp. The

deduced ZmMYB2, ZmMYB8, ZmMYB31,

ZmMYB39, and ZmMYB42 proteins have 339, 226,

275, 256, and 260 amino acid residues respectively.

Sequence alignment of the five ZmMYB factors

shows a highly conserved N-terminal region, consti-

tuted by R2 and R3 domains, while the C-terminal

domain of each ZmMYB is more divergent, both in

sequence and length (Fig. 2A). Protein sequence
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analysis showed that, among the 22 subgroups in which

the R2R3-MYB family is clustered (Kranz et al. 1998),

ZmMYB8, ZmMYB31, and ZmMYB42 have the

typical motifs of the subgroup 4, while ZmMYB39 and

ZmMYB2 are closely related to subgroup 2 and

subgroup 9, respectively. We therefore produced a

(A)
pZmCOMT::GFPWild type

(C)

(B)

STALK

ROOT

LEAF

(D)

aACCTAAC
YACCWAMC

- 200 bp

pZmCOMT-2kb- GFP Ter

putative ACIII R2R3-MYB binding site
consensus MBS-IIG

1 2 vascular
tissues

3 4

lignifying
region

5

lignifying
region

6

wounded
vascular
tissues

7

wounded
vascular
tissues

8

Fig. 1 (A) GFP fluorescence pattern in stems of A. thaliana wild
type and A. thaliana carrying the pZmCOMT::GFP construct
visualized using confocal microscopy. (1) Transmission image of
a wild type stem. (2) GFP detection of an intermediate wild type
stem section. (3) Transmission image of the stem A. thaliana
carrying the pZmCOMT::GFP construct. (4) GFP detection of
the corresponding intermediate transgenic stem section. (B) GFP
fluorescence pattern in roots of A. thaliana wild type (5) and A.
thaliana carrying the pZmCOMT::GFP construct (6). (C) GFP
fluorescence pattern in wounded leaves of A. thaliana wild type
(7) and A. thaliana carrying the pZmCOMT::GFP construct (8).

(D) Schematic representation of the pZmCOMT::GFP
construction used in this study. The GFP sequence was fused
to the 2 kb maize COMT promoter and the nos-terminator, as
described in materials and methods. The sequence and position
of the ACIII R2R3-MYB binding site together with its MYB-
Binding Site type IIG (MBS-IIG) consensus sequence (Romero
et al. 1998) are indicated and found 200 bp upstream from the
putative transcription initiation site (indicated with an arrow).
The lower case letter refers to an Adenine that does not follow
the MBS-IIG consensus sequence. Y refers to Pyrimidines; W
refers to Adenine or Thymine; M refers to Adenine or Cytosine
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phylogenetic tree of the three subgroups to identify the

most closely related R2R3-MYB factors (Fig. 2B). The

phylogenetic analysis shows that ZmMYB31 and

ZmMYB42 are closely related to well known lignin

repressors, such as AmMYB308 and AmMYB330,

AtMYB4, and AtMYB32 (Tamagnone et al. 1998a; Jin

et al. 2000; Preston et al. 2004), while ZmMYB8 is

phylogenetically distant from these factors. At present,

in subgroup four only one maize R2R3-MYB factor,

Zm38, has been reported (Marocco et al. 1989) and has

been already characterized as a transcription factor

involved in the regulation of the anthocyanin biosyn-

thesis pathway (Franken et al. 1989).

On the other hand, while ZmMYB39 is closely re-

lated to other monocot R2R3-MYB factors, whose

function has not been yet attributed, ZmMYB2 is

closely related to R2R3-MYB factors that have been

related to nitrogen metabolism such as LjMYB101 and

LjMYB103 (Miyake et al. 2003).

Analysis of ZmMYB2, ZmMYB8, ZmMYB31,

ZmMYB39, and ZmMYB42 gene expression

To gain more information on their expression pattern

within the maize plant, we performed RT-PCR analysis

of samples from different organs (apical and basal root,

leaf sheath and leaf blade) and at different growth stages

(6, 10 and 20 days) in which lignification is active. The

results obtained (Fig. 3) show that ZmMYB8 and

ZmMYB42 are mainly expressed in the aerial part of the

maize plant, although the expression pattern of

ZmMYB8 is restricted to the leaf sheath. On the other

hand, ZmMYB31 is expressed both in the root and in the

aerial part of the plant. According to these results, the

analysis of maize databases indicates the existence of

few ESTs corresponding to ZmMYB8, ZmMYB42,

while 20 ESTs corresponding to ZmMYB31 were found.

On the other hand, ZmMYB2 (subgroup 9) and

ZmMYB39 (subgroup 2) transcripts accumulate mainly

in roots. In particular, ZmMYB39 is highly expressed

during the early growth stages of the plant. At present

very few ESTs can be detected on maize databases for

ZmMYB2 and ZmMYB39 and the only one EST

identified arising from ZmMYB39 was obtained from a

maize root cDNA library.

Effect of wounding on ZmMYB2, ZmMYB8,

ZmMYB31, ZmMYB39, and ZmMYB42 gene

expression

A typical feature of most of the genes involved in lig-

nification is their up-regulation by wounding, as has

been shown in the case of the maize COMT gene

(Capellades et al. 1996). On this basis, we analyzed the

effect of this abiotic stress on the expression pattern of

the five R2R3-MYB factors.

RT-PCR assays show that ZmMYB2 is the only

gene whose expression is repressed by wounding,

whereas the expression of ZmMYB39 is quickly in-

duced. Within the R2R3-MYB factors belonging to

subgroup 4, ZmMYB8 is not affected by wounding,

while ZmMYB31 and ZmMYB42 are both induced.

The induction pattern of ZmMYB31 and ZmMYB42

by wounding is compatible with a role as repressors of

COMT, since the induction of these two factors begins

when the activation of COMT gene ends (Fig. 4)

ZmMYB31 and ZmMYB42 down-regulate the A.

thaliana COMT gene

Wounding assays in maize led us to consider the

implication of ZmMYB31 and ZmMYB42 in the

repression of the COMT gene. We produced trans-

genic A. thaliana lines over-expressing each of the five

R2R3-MYB factors to study their effect on the

A. thaliana COMT gene expression, as this gene con-

tains a putative MYB-binding site type-I (MBS-I)

(CTGTTA) approximately 340 bp upstream from the

transcription initiation site (Romero et al. 1998).

In agreement with wounding assays, RT-PCR assays

showed that only those plants over-expressing

ZmMYB31 and ZmMYB42 show the down-regulation

of the endogenous COMT gene (Fig. 5), while no ef-

fect was observed in the case of plants over-expressing

ZmMYB2, ZmMYB8 or ZmMYB39. These findings

led us to propose ZmMYB31 and ZmMYB42 as

repressors of the COMT gene, but not ZmMYB8, al-

though it belongs to subgroup 4.

ZmMYB31 and ZmMYB42 down-regulate the

maize COMT gene

The results obtained from analyzing the transgenic

A. thaliana plants indicate that two maize R2R3-

MYB factors (ZmMYB31 and ZmMYB42) may act

as repressors of the A. thaliana COMT gene. To

discard non-specific effects due to the evolutionary

distance between these two species, we examined

whether these factors are also able to repress the

maize COMT gene, by crossing pollen of A. thaliana

plants expressing GFP under the control of the maize

COMT gene promoter with A. thaliana plants over-

expressing the subgroup 4 factors (ZmMYB31,

ZmMYB42 and ZmMYB8).
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Fig. 2 (A) Alignment of the predicted amino acids sequences of
ZmMYB2 (subgroup 9), ZmMYB8, ZmMYB31, ZmMYB42
(subgroup 4) and ZmMYB39 (subgroup 2). Residues highlighted
in black or grey are identical or homologous in five or four sequences,
respectively. R2 and R3 domains are indicated by a black and grey
bar, respectively. Boxes refer to protein motifs characteristics of
subgroup 2 (IDeSFWxE/Dxlstd and E/NddMdFwynvfi), subgroup 4
(LlsrGIDPxT/SHRxI/L, pdLNLD/ELxiG/S and CX1–2CX7–

12CX2C) and subgroup 9 (MGiDPvTHkp). (B) Phylogenetic
relationships between the five maize MYB factors and the protein
belonging to the corresponding subgroup 2, 4 and 9 (according to
Kranz et al. 1998) using the PHYML online package program, as
described in materials and methods. ZmMYB2, ZmMYB8,
ZmMYB31, ZmMYB39 and ZmMYB42 are in bold. White and
blackcircles indicate branches supported at a bootstrap proportion of
>60% and ‡90%, respectively. The scale bar represents 0.1
substitutions per position. LR indicates R2R3-MYB factors
characterized as repressors of lignin biosynthesis. Accession
numbers for subgroup 2 sequences: AtMYB15 (AK176693),
TaMYB2 (AY615199), OsAAP92750 (AAP92750), OsCAA72217
(CAA72217), OsXP466825 (XP_466825), LeTHM18 (CAA66952),
NtMYB1 (AAB41101), NtLBM2 (BAA88222), PhMYB2
(CAA78387), NtLBM4 (BAA88224), NtLBM1 (BAA88221),
VlMYBB1-1 (AB073016), VlMYBB2-1 (AB073017),
GmMYB29A2 (AB029161), GmMTB29B2 (AB029165),

AtMYB14 (AY519575), AtNP172108 (NP_172108), AtMYB13
(AY519550). Accession numbers for subgroup 4 sequences:
TfMYB2 (AAS19476), OsNP91576 (NP_91576), HvMYB5
(CAA50221), OsT02984 (T02984), OsAAV59423 (AAV59423),
TfMYB6 (AAS19480), TfMYB1 (AAS19475), HvMYB1
(CAA50224), TaMYB1 (AAT37167), DspMYB8 (AAO49417),
AtMYB32 (NM_119665), AtY49 (CAA62033), AtMYB7
(U26937), EgMYB1 (CAE09058), PttMYB (CAD98762),
GhMYB9 (AAK19619), AmMYB308 (JQ0960), AtMYB4
(AY519615), LeMYB27 (CAA64614), DspMYB10 (AAO49419),
OsPTYPE2 (XP_483665), OsPTYPE1 (AAL84628), GhMYB1
(AAN28270), AmMYB330 (JQ0957), AtMYB3 (AF062859),
AtMYB8 (NP849749), AtMYB6 (AL161515), AtCAB78069
(CAB78069). Accession numbers for subgroup 9 sequences:
PtMYB1 (AAQ62541), LeCAA67600 (CAA67600), OsXP467636
(XP_467636), OsMYB1402 (Y11351), OsMYB51 (XP_482497),
AtAAM62722 (AAM62722), PbAAF22256 (AAF22256),
PhODORANT-1 (AAV98200), OsMYB15 (CAC85052),
OsMYB13 (XP_483654), AtMYB17 (CAB71055), PhMYB1
(CAA78386), AmMYBML3 (AAU13905), AmMYBML2
(AAV70655), DspMYB1 (AAO49410), OsMYB27 (XP_482547),
OsXP472754 (XP_472754), AtMYB16 (AF370613), AtAAS10051
(AAS10051), AtMYB106 (AF249309), AmMYBML1 (CAB43399),
GhMYB25 (AAK19616), AmMYBMIXTA (X79108), LcMYB101
(BAC75671), LcMYB103 (BAC75673), GmMYB101 (BAC75674)
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The presence of the pCOMT::GFP construct was

confirmed by PCR assays (Fig. 6A), and the expression

of GFP was analyzed in the double transgenic plants

(Fig. 6B). The results show that ZmMYB31 and

ZmMYB42 produce a strong decrease of the GFP

expression that is reduced by 3.7- and 2.6-fold,

respectively, confirming that these two factors act as

repressors of the maize COMT gene. No alteration of

the GFP expression is observed with the ZmMYB8

factor.

Phenotype of ZmMYB8, ZmMYB31 and

ZmMYB42 plants

Previous studies have shown that the over-expression

of R2R3-MYB factors acting as repressors of genes

involved in the lignin pathway produce alterations of

the leaf morphology, with the appearance of white

lesions on the older leaves, and reduction of the growth

rate when over-expressed in tobacco and A. thaliana

(Tamagnone et al. 1998a; Jin et al. 2000). Plants over-

expressing ZmMYB31 show similar morphological

alterations (Fig. 7A and B), while the ones over-

expressing ZmMYB42 display a more attenuate

phenotype, in which only the reduction of the growth

rate and leaf curvature is observed (Fig. 7A and B)

without the occurrence of white lesions. No phenotypic

alterations were observed in plants over-expressing

ZmMYB8.

One common trait between tobacco plants over-

expressing the AmMYB308 and AmMYB330 and

A. thaliana plants over-expressing AtMYB4 is the

down-regulation of 4CL1 gene expression. We inves-

tigated whether ZmMYB31 and ZmMYB42 also reg-

ulate this structural gene of lignin biosynthesis. The

results show that both maize R2R3-MYB factors

negatively regulate the At4CL1 gene (Fig. 7C). As

expected from the lack of any morphological alter-

ation, ZmMYB8 does not affect At4CL1 gene

expression.

ZmMYB31 and ZmMYB42 over-expression affects

lignification in A. thaliana

To better address the role of ZmMYB31 and

ZmMYB42 in the regulation of lignification in A. tha-

liana transgenic plants, we analyzed by RT-PCR the

expression of C4H, CCoAOMT1 and CAD6. These

three structural genes were differently affected by the

subgroup 4 R2R3-MYB factors AmMYB308 and

AmMYB330 (Tamagnone et al. 1998a), AtMYB4 (Jin

et al. 2000) and AtMYB32 (Preston et al. 2004). Our

results show that ZmMYB31 slightly increases the

AtCAD6 gene expression and does not regulate

AtC4H and AtCCoAOMT1 genes expression

(Fig. 8A). In contrast, ZmMYB42 is able to down-

regulate AtC4H and AtCAD6 but does not regulate

AtCCoAOMT1 (Fig. 8A).

To elucidate the impact of ZmMYB31 and

ZmMYB42 on lignin accumulation, we measured the

lignin content of the entire transgenic A. thaliana ma-

ture stems. As shown in figure 8B, significant differ-

ences between control and transgenic plants were

detected. Plants over-expressing ZmMYB31 and

ZmMYB42 showed a 3.7- and 1.6-fold reduction of the

lignin thioglycolic acid (LTGA) respectively, measured

from 25 mg of alcohol insoluble residue (AIR) in re-

spect to wild-type. This reduction was more evident if
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Fig. 3 Relative expression levels of ZmMYB2, ZmMYB8,
ZmMYB31, ZmMYB39 and ZmMYB42 in different organs
(apical root, basal root, leaf sheath and leaf blade) of maize
plants at different developmental stages. Plants were harvested
at 6-10 and 20-days and transcript accumulation was determined
by RT-PCR. 6 individual plants were used for each sample.
Numbers on the right of the figure refer to the subgroup of each
maize R2R3-MYB factor. Gel band identity was confirmed by
direct sequencing. Maize actin was used as loading control
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Fig. 4 Effect of wounding on the expression levels of
ZmCOMT, ZmMYB2, ZmMYB8, ZmMYB31, ZmMYB39 and
ZmMYB42 genes in maize leaves. Maize leaves of 10-days old
plants were wounded by transversal incisions and samples of 6
leaves, taken from three individual plants, were collected at
different time intervals after treatment (0 h, 30 min, 1, 3, 5, 8 and
24 h). Transcript accumulation was determined by RT-PCR.
Numbers on the right of the figure refer to the subgroup of each
maize R2R3-MYB factor. Gel band identity was confirmed by
direct sequencing. Maize ubiquitin was used as loading control
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referred to fresh weight, since for ZmMYB31 and

ZmMYB42 an 8- and 2.1-fold decrease was observed

respectively.

Discussion

In this work we report the down-regulation of the

maize and A. thaliana COMT gene by two new maize

R2R3-MYB transcription factors, ZmMYB31 and

ZmMYB42. We showed that the specific COMT gene

expression in maize lignifying tissues is maintained

when the gene is expressed in A. thaliana plants

(Fig. 1A and B), and that it is specifically induced in

wounded vascular tissues with the same pattern of

expression as in the maize plant (Fig. 1C). This indi-

cates that at least some of the factors involved in the

regulation of the COMT gene are conserved in two

evolutionary distant species such as maize and A. tha-

liana.

The detailed examination of the maize COMT gene

promoter revealed a putative ACIII box, approxi-

mately 200 bp upstream from the transcription initia-

tion site (Fig. 1D). The presence of AC elements in the

promoters of several genes of the lignin pathway

(Bugos et al. 1991; Hauffe et al. 1993; Ye et al. 1994;

Sablowski et al. 1994; Feuillet et al. 1995; Douglas

1996; Raes et al. 2003) has focused a great deal of

attention on the isolation and characterization of

transcription factors belonging to the R2R3-MYB

family. To date, the subgroup 4 clusters all the R2R3-

MYB factors characterized as repressors of lignin

biosynthesis (Tamagnone et al. 1998a; Jin et al. 2000;

Preston et al. 2004). Based on the sequence of these

well-characterized factors, we searched for maize sub-

group 4 R2R3-MYB factors using degenerated prim-

ers, isolating five R2R3-MYB factors to study their

possible implication in the regulation of the maize

COMT gene. Bioinformatics analyses revealed that

only three of them, ZmMYB8, ZmMYB31, and

ZmMYB42, belong to subgroup 4 (Fig. 2).

The well-known induction of the COMT gene

expression by wounding (Capellades et al. 1996) was

used as a parameter to associate this set of factors with

the regulation of COMT. We found that ZmMYB31,

ZmMYB39 and ZmMYB42 are induced by wounding,

but only the induction pattern of ZmMYB31 and

ZmMYB42 is compatible with a role as repressors of

COMT, since the induction of these two factors begins

when the activation of COMT ends (Fig. 4).

Computational analyses indicated that the A. thaliana

COMT gene promoter does not contain the typical ACI,

ACII or ACIII MYB-binding sites (Raes et al. 2003)

belonging to the type-IIG MYB-binding site (MBS-IIG,

Romero et al. 1998). However, the A. thaliana COMT

gene promoter contains a putative MBS-I cis-element

(CNGTTR, Romero et al. 1998) located approximately

340 bp upstream from the transcription initiation site,

suggesting that this gene could be regulated by R2R3-

MYB factors. Accordingly, the over-expression of

ZmMYB31 and ZmMYB42 in A. thaliana indicates that

these two factors, which are evolutionarily closely

related, repress the expression of the endogenous

COMT gene (Fig. 5). Instead ZmMYB8, evolutionarily

far from ZmMYB31 and ZmMYB42, does not affect the

expression of the A. thaliana COMT gene.

ZmMYB31 and ZmMYB42 are also phylogeneti-

cally related to AmMYB308, AmMYB330, AtMYB4,

AtCOMT

ZmMYB31

AtActin

Wt  35S::MYB31

AtCOMT
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AtActin

Wt   35S::MYB42
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Fig. 5 Relative expression levels of AtCOMT in A. thaliana
plants over-expressing ZmMYB2, ZmMYB8, ZmMYB31,
ZmMYB39 and ZmMYB42 under the control of the 35S
CaMV promoter. Two week-old transgenic plants (20 plants

for each sample) were harvested, and the accumulation of
transcripts corresponding to AtCOMT, the maize MYB factors
and AtActin (used as loading control) were determined by RT-
PCR
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and AtMYB32 all of them already characterized as

R2R3-MYB factors acting as repressors of lignin bio-

synthesis (Tamagnone et al. 1998a; Jin et al. 2000;

Preston et al. 2004).

No putative function of ZmMYB39 can be proposed

based on evolutionary analysis, but ZmMYB2 clusters

with R2R3-MYB factors that are related to nitrogen

metabolism such as LjMYB101 and LjMYB103 (Mi-

yake et al. 2003) and this, together with the preferen-

tial expression of ZmMYB2 in the maize root, suggests

a possible role of this factor in the nitrogen metabolism

pathway.

The repression of ZmMYB2 by wounding, accom-

panied by the induction of the maize COMT

gene suggested its possible role in the regulation of

this structural gene (Fig. 4), but this hypothesis was

discarded due to the lack of effect of ZmMYB2 on

COMT gene regulation when over-expressed in

A. thaliana plants.

The repression of the maize COMT gene expression

by the maize R2R3-MYB factors belonging to sub-

group 4 was confirmed by the reduction of GFP

expression in plants over-expressing ZmMYB31 and

ZmMYB42 (Fig. 6). However, the repression of the

maize COMT gene expression by ZmMYB31 is

stronger than the one produced by ZmMYB42, sug-

gesting that the latter factor may participate in the

regulation of lignin biosynthesis but with a minor role

compared to ZmMYB31. In contrast, ZmMYB8 did

not reduce GFP fluorescence, confirming that

this maize factor does not repress the maize COMT

gene.
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Fig. 6 Effect of the maize MYB factors belonging to subgroup 4
on the expression of the maize COMT in transgenic A. thaliana
plants. Plants over-expressing ZmMYB8, ZmMYB31 and
ZmMYB42 were pollinated with pollen from pZmCOMT::GFP
homozygous plants, as described in Materials and Methods. (A)
The presence of the reporter gene construction was confirmed by

PCR assays. nc: control plants not crossed with pCOMT::GFP
plants. (B) The double transgenic plants were analyzed for green
fluorescence. The level of green fluorescence was subjected to
densitometric analysis expressed as percentage of relative signal
intensity
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The over-expression of ZmMYB31 produces a

reduction of growth rate and the appearance of white

lesions on the mature leaves. These lesions suggest a

reduction of the levels of the hydroxycinnamic acids

derivatives (Jin et al. 2000; Tamagnone et al. 1998b)

which is a common trait in plants over-expressing the

A. majus AmMYB330 and AmMYB308 (Tamagnone

et al. 1998a) and AtMYB4 (Jin et al. 2000). On the

contrary, the A. thaliana plants over-expressing

ZmMYB42 present a weaker phenotype characterized

only by the reduction of the growth rate and by leaf

curvature, whereas the over-expression of ZmMYB8

does not lead to visible alterations.

Interestingly, a second common feature of

the transgenic lines over-expressing AmMYB308,

AmMYB330 and AtMYB4 is the down-regulation of

4CL1 gene expression. This common trait was also

observed in plants over-expressing ZmMYB31 and

ZmMYB42 (Fig. 7), reinforcing the idea that these

factors affect lignin metabolism, even if the over-

expression of ZmMYB42 does not produce white

lesions in A. thaliana leaves.

On the other hand, the lack of effect of ZmMYB8

on the expression of 4CL1 (Fig. 7) as well as on both

the A. thaliana and the maize COMT (Fig. 6) and the

lack of typical phenotype alterations, such as the

appearance of leaf white lesions, indicate that

ZmMYB8 is not involved in the regulation of lignin

biosynthesis.

In addition to 4CL1, previously described subgroup

4 R2R3-MYB factors are able to regulate other genes

of the lignin pathway. In fact, AmMYB308 and

AmMYB330 down-regulate C4H and CAD when

over-expressed in tobacco plants (Tamagnone et al.

(C)

WT (Col-0) 35S::ZmMYB31
(B)

35S::ZmMYB42

(A)
35S::ZmMYB31 X pZmCOMT::GFPCol-O X pZmCOMT::GFP WS X pZmCOMT::GFP 35S::ZmMYB8 X pZmCOMT::GFP35S::ZmMYB42 X pZmCOMT::GFP
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At4CL-1
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35S::ZmMYB8WT (WS)

Fig. 7 Phenotypic effects on Arabidopsis thaliana plants over-
expressing ZmMYB8, ZmMYB31, and ZmMYB42. (A) Trans-
genic Arabidopsis thaliana plantlets. (B) Mature leaves of wild
type (Wt) and transgenic Arabidopsis thaliana plants. The
relative leaf size is maintained in the picture. (C) Relative
expression levels of At4CL1 in A. thaliana plants over-expressing

ZmMYB8, ZmMYB31, and ZmMYB42, under the control of the
35S CaMV promoter. Two week-old transgenic plants (20 plants
for each sample) were harvested and the accumulation of
transcripts corresponding to At4CL1, the maize MYB factors
and AtActin (used as loading control) were determined by RT-
PCR
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1998a) while the knock-out Atmyb4 plant shows an

increase in C4H gene expression, as well as a decrease

in CCoAOMT gene expression (Jin et al. 2000).

To gain more information on the role of ZmMYB31

and ZmMYB42 in the regulation of lignin synthesis we

analyzed their effect on the expression of these three

structural genes. The results obtained reinforce the

idea that both ZmMYB31 and ZmMYB42 negatively

regulate lignification by acting on different targets. In

fact, ZmMYB31 does not affect the expression of C4H

and CCoAOMT but slightly enhances the expression

of CAD gene. On the other hand, the repression pat-

tern of ZmMYB42 resembles the one of AmMYB308

and AmMYB330 factors (Tamagnone et al. 1998a). In

fact, ZmMYB42 down-regulates the expression of both

C4H and CAD but does not affect CCoAOMT gene

expression (Fig. 8).

The over-expression of both ZmMYB31 and

ZmMYB42 produces a decrease in the lignin content

of the transgenic A. thaliana plants even if this reduc-

tion is more severe in the case of ZmMYB31. This

different effect could be due to their characteristic

regulation pattern over several genes of the lignin

pathway. Thus, the more drastic impact of ZmMYB31

on lignin accumulation is in line with the stronger

inhibition of COMT gene expression by this factor in

respect to ZmMYB42.

In summary, this is the first identification of two sub-

group 4 R2R3-MYB transcription factors, ZmMYB31

and ZmMYB42 that repress the maize COMT gene and

this represents the first characterization of R2R3-MYB

transcription factors associated with the regulation of

lignin biosynthesis in maize. The results presented in this

work indicate a major implication of ZmMYB31 in the

regulation of this pathway in respect to ZmMYB42. The

finding that ZmMYB31 and ZmMYB42 are able to

down-regulate both the maize and A. thaliana COMT

genes reinforces the idea of evolutionary conserved

molecular mechanisms involved in the regulation of

COMT gene expression in plants. In addition to At-

COMT, ZmMYB31 and ZmMYB42 differentially reg-

ulate other structural genes of the lignin pathway, such

as At4CL1, AtC4H, At4CCoAOMT1 and At4CAD6

resulting in both cases in a reduction of the total lignin

content of the transgenic A. thaliana plants.
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