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Abstract

Because of the importance of wood in many industrial applications, tremendous studies have been performed on wood
formation, especially in lignin biosynthesis. MYB transcription factors (TFs), which consist of a large family of plant TFs, have
been reported to directly regulate lignin biosynthetic genes in a number of plants. In this study, we describe the cloning
and functional characterization of PtoMYB216, a cDNA isolated from Chinese white poplar (Populus tomentosa Carr.).
PtoMYB216 encodes a protein belonging to the R2R3-MYB family and displays significant similarity with other MYB factors
shown to regulate lignin synthesis in Arabidopsis. Gene expression profiling studies showed that PtoMYB216 mRNA is
specifically expressed during secondary wall formation in wood. The 1.8-kb promoter sequence of PtoMYB216 was fused to
the GUS coding sequence and introduced into wild-type A. thaliana. GUS expression was shown to be restricted to tissues
undergoing secondary cell wall formation. Overexpression of PtoMYB216 specifically activated the expression of the
upstream genes in the lignin biosynthetic pathway and resulted in ectopic deposition of lignin in cells that are normally
unligninified. These results suggest that PtoMYB216 is specific transcriptional activators of lignin biosynthesis and involved
in the regulation of wood formation in poplar.
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Introduction periderm and epidermis of some plant species, which confers
stable and protective coatings to protect the secondary walls from
physical and biological attacks and provide rigidity and imperme-
ability [2]. The lignin polymer constitutes the first line of defense
against biotic and abiotic stresses, which resistance to wounding,
ultraviolet light irradiation and pathogen attack [3], [4].

To date, lignin biosynthetic pathway has been well determined
and many proteins catalyzing deposition of lignin and polysac-
charides during secondary cell wall formation have been
characterized [5]. The first key enzyme in lignin biosynthetic
process is the L-phenylalanine ammonia-lyase (PAL) which
catalyzes a deamination of phyenylalanine to produce cinnamic
acid [6]. Cinnamic acid is hydroxylated by cinnamate 4-
hydroxylase (C4H) to generate p-coumaric acid [7], which is
converted to p-coumaroyl-CoA by 4-coumarate: CoA ligase (4CL)
[8]. This product proceeds through a series of transformation into
monolignol by the action of caffeoyl-CoA O-methyltransferase

The secondary cell wall in higher plants consists mainly of
cellulose, lignin and xylan. Lignin is the second most abundant
plant biopolymer mainly present in the secondary walls in wood,
which allowing mechanical support and efficient conduction of
water and solutes over long distances within the vascular system.
Lignin is a polymer of complex phenylpropanoid compounds
formed by three monolignols, including p-coumaryl alcohol,
coniferyl alcohol and sinapyl alcohol, which give rise to p-
hydroxyphenyl (H), guaiacyl (G), and syringyl (S) [1]. The
biosynthetic pathway of monolignols is involved in the general
phenylpropanoid pathway leading to the production of hydro-
xycinnamoyl CoA esters, which are the common precursors of
diverse groups of chemical compounds, such as flavonoids,
suberin, coumarins, quinones and lignin. The lignin polymer is
mainly deposited in the tracheary elements and fibers, and also
found in other cell types or tissues, such as the endodermis,
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(CCoAOMT) [9], ferulate 5-hydroxylase (F5H) [10] cinnamoyl-
CoA reductase (CCR) [11], and cinnamoyl alcohol dehydrogenase
(CAD) [12], respectively.

Recent studies have demonstrated that formation of secondary
wall requires a coordinated transcriptional activation of the genes
involved in the lignin biosynthesis [1], [13]. Many transcription
factors, belonging to NAC, MYB, and WRKY gene families, have
been shown to regulate lignin biosynthetic pathway in various
plant species [14], [15]. Due to the difficulty of genetic studies of
gene functions in tree species, most of these wood-associated
transcription factors have not yet been subjected to functional
characterization. To date, most lignin activators reported are from
the MYB family, particularly the large family of R2R3-MYB [16].
Indeed, a number of R2R3 MYB proteins have been confirmed in
the regulation of phenylpropanoids biosynthesis, such as flavo-
noids [17], [18], anthocyanin [19], [20], and lignins [21], [22].
Some of these MYB transcription factors have been shown to
regulate the entire phenylpropanoid metabolism, and the others
were proposed to specifically regulate the lignin biosynthesis. The
first identified lignin-specific transcription factors were AtMYB46,
AtMYB83, AIMYB58 and AtMYB63 from Arabidopsis thaliana [23],
[24], [25], which activated the entire secondary wall biosynthesis.
AtMYB83, a homology of AtMYB46, is not only lignin pathway
regulators, but also redundantly activate the entire process of
secondary cell wall formation [5], [26]. Some of R2R3 MYBs
isolated from other species were also demonstrated to mediate the
regulation of the monolignol pathway. Among these transcription
factors are PIMYB1, PIMYB4 and POIMYB8 from Pinus taeda [21],
[27], EeMYB2 from Eucalyptus gunnii [22], [28] and PtrMYB3 and
PtrMYB20 from Populus trichocarpa [29]. These pine and eucalyptus
MYB genes, which are homologs of AtMYB46 and AtMYB83,
have been shown to cause ectopic deposition of lignin or altered
phenylpropanoid metabolism when overexpressed in tobacco or
spruce [21], [22], [27]. In Arabidopsis, most of monolignol genes are
directly regulated by AtMYB58 and AtMYB83 through AC
elements that are commonly present in the promoters of lignin
biosynthetic genes, except for F5H [25]. Therefore, regulation by
lignin activators is global rather than specific for certain pathway
genes. However, it is not clear whether these wood-associated
transcription factors also regulate the biosynthesis of other
secondary wall components during wood formation.

Worldwide, poplar is an economically important woody
biomass because of its high growth capacity, adaptability to varied
environments and the various uses in industry, such as pulping and
paper-making. Lignin is the second most abundant plant
biopolymer in vascular plants, and accounts for 30% of the dry
weight in poplar. Although the lignin-related MYB transcription
factors in Arabidopsis have been studied well, most of the wood-
associated transcription factors have not yet been subjected to
functional characterization due to the difficulty of genetic studies
of gene functions in tree species. In a previous study, detailed
annotation and phylogenetic analysis of the entire R2R3-MYB
family encoded in the Populus genome have been performed [30].
Many of the Populus R2R3-MYB proteins implicated in the
regulation of genes encoding lignin biosynthetic enzymes are
divided into a specific clade. This clade also includes AtMYB46
[5], PIMYB4 [21], EgMYB2 [22] and PgMYB4 [31], which alter
the accumulation of transcripts corresponding to genes encoding
lignin biosynthetic enzymes. The transcript abundance profile also
suggests that, like their counterparts in other plant species, these
Populus transcription factors function in xylem-based processes,
perhaps regulating genes encoding enzymes of the lignin
biosynthetic pathway [30]. In this study, we isolated a wood-
associated MYB transcription factor, PtoMYB216, from Chinese
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white poplar (P. tomentosa Carr.). Phylogenetic analysis showed that
PtoMYB216 has a closely relationship with AAMYB61, AtMYB83,
AtMYB46 and EgMYB2. PtoMYB216 was able to activate the
biosynthetic pathways of lignin, suggesting that PtoMYB216 is
involved in the regulation of the lignin biosynthetic pathway in
poplar.

Materials and Methods

Plant Materials

Populus tomentosa Carr. (clone 73) is grown in the greenhouse at
25°C under a 14-/10-h light/dark cycle with supplemental light
(4500 lux). Wild-type Arabidopsis thaliana (ecotype Columbia) were
grown in a greenhouse. The temperature was maintained at 22—
23°C and the photoperiod was 16 h.

Cloning of PtoMYB216

The ¢cDNA fragment encoding PMYB216 was amplified with
gene-specific primers (PtoMYB216-F: 5'-GTTGCCAGCACTG-
CATTGCAG-3'; PtoMYB216-R: 5'-GTGAACCTATATG-
GATTGAC-3") based on PyMYB216 (JQ801749) from P.
trichocarpa by polymerase chain reaction (PCR). The PCR reaction
was carried out with pfu DNA polymerase (Takara, Dalian, China)
in a total volume of 50 ul at 94°C for 3 min; 32 cycles of 94°C for
455, 54°C for 45 s and 72°C for 90 s, followed by a final
extension of 72°C for 10 min. The sequence of PoMYB216 was
deposited in GenBank under accession number JQ801749. The
PCR product was cloned into the plant binary vector pCXSN
[32]. The resulting vector p35S:PoMYB216, with the PoMYB216
open reading frame driven by the cauliflower mosaic virus
(CaMV) 35S promoter and the hygromycin phosphotransferase
(HPT) gene, which confer resistance to hygromycin, were
transferred into Agrobacterium tumefaciens strains EHA105 by the
freeze-thaw method.

Sequence Comparisons and Phylogenetic Analysis

The deduced amino acid sequences were analyzed using the
program DNAMAN and the software MEGE version 4.1 (Lynnon
Biosoft, Quebec, Canada). Amino acid sequence alignments were
performed with DNAMAN software. The phylogenetic tree of
lignin-associated MYBs was constructed by the neighbor-joining
method for P. trichocarpa and other plants using MEGA 4.1
software.

Transformation of P. tomentosa Carr. Plants

A. tumefaciens strains EHA105 containing p35:PloMYB216 were
incubated in liquid yeast extract peptone medium supplemented
100 umol/L acetone-syringone at 18°C. with constant shaking
(200 rpm) until the culture reached an optical density of 0.8 at OD
600 nm. The A. tumefaciens culture was then diluted with one
volume of liquid woody plant medium (WPM) [33].

Poplar transformation methods were described previously by Jia
et al [34]. Leaves of Chinese white poplar (P. tomentosa Carr.) were
excised from in vitro plantlets, cut into disks and dipped in the
diluted Agrobacterium culture for 8-10 min. After excess liquid on
the surfaces was absorbed by sterilized paper, the leaf disks were
transferred to WPM medium (2.0 mg/L zeatin, 1.0 mg/L 1-
naphthalene acetic acid [NAA]). The infected disks were co-
cultivated in the dark for 2 days and then transferred to callus-
inducing medium containing 2.0 mg/L  zeatin, 1.0 mg/L
NAA,400 mg/L cefotaxime, 9 mg/L hygromycin and 0.8% (w/
v) agar. After 2-3 weeks of culture in the dark, these leaf disks with
induced calli were subcultured on screening medium (2.0 mg/L
zeatin, 0.1 mg/L NAA, 400 mg/L cefotaxime, 9 mg/L hygro-
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mycin and 0.8% (w/v) agar) to induce adventitious buds.
Regenerated shoots were transferred to rooting medium, contain-
ing 0.1 mg/L NAA, 400 mg/L cefotaxime and 9 mg/L hygro-
mycin. Transgenic plants were selected with 9 mg/L hygromycin.
Rooted plantlets were acclimatized in pots placed inside a humid
chamber (16 h photoperiod, 25°C, 70% relative humidity) for 2
weeks and finally transferred to the greenhouse.

Molecular Analysis of Transgenic Plants

Genomic DNA was extracted from poplar leaf material
(300 mg) of untransformed control and transgenic plants using a
CTAB method [34]. Each PCR-mixture (10 pl) contained 5.5 pl
GoTaq® Green Master Mix (Promega, Beijing, China), 0.25 pl
each primer, 0.5 pul cDNA, 3.5 ul Nuclease-Free water. Polymer-
ase chain reaction analysis was carried out employing gene-specific
primers: HPT (F: 5-ATCGGACGATTGCGTCGCATC-3'; R:
5'-GTGTCACGTTGCAAGACCTG-3'). Polymerase chain re-
action conditions were 94°C for 3 min; 32 cycles of 94°C for 30 s,
56°C for 30 s, 72°C for 1 min, followed by a final extension of
72°C for 10 min. Polymerase chain reaction products were
resolved on a 1% (w/v) agarose gel and visualized after ethidium
bromide staining.

Transformation of A. thaliana

The GUS reporter gene was employed to study the develop-
mental expression pattern of PloMYB216. The genomic DNA
fragment containing a 1.8-kb upstream sequence of PoMYB216
was amplified by the primers: Pro-PtoMYB216 (F: 5'-ATG-
GAGGTGATCATGAAGCTTC-3'; R: 5'-GCTGCAATG-
CAGTGCTGGCA-3"). The PwMYB216:GUS construct in the
binary vector pCXGUS-P [32] was made by ligating the PCR-
amplified genomic DNA fragments. The constructs were trans-
formed into wild-type Arabidopsis plants by the floral dip method
[35]. Transformants were selected on MS plates supplemented
with 30 pg/mL of hygromycin and 50 pg/mL of carbenicillin.
The first generation of 6-week-old transgenic plants was examined
for the expression of the GUS reporter gene [36].

RNA Extraction and RT-PCR Analysis

Total RNA was extracted from transgenic plants and untrans-
formed control using TRIzol® Reagent (Invitrogen, Beijing,
China) according to the manufacturer’s instructions. For reverse
transcription (RT)-PCR, 2 pul RNA was reverse transcribed in a
total volume of 20 ul, using PrimeScript' ™ RT reagent Kit with
gDNA Eraser (Takara, Dalian, China) according to the manufac-
turer’s instructions. To detect PoMVYB216 expression, PCR
amplification was performed for 26 cycles, with each cycle
consisting of 94°C for 1 min, 58°C for 30 s, respectively, 72°C
for 1 min and finally 10 min at 72°C. The constitutively expressed
185 gene was used to confirm that equal amount of cDNA in each
reaction.

Quantitative Real-time PCR

Total RNA extracted from leaves, roots, stems and petioles of
poplar plants was reversed into cDNA using PrimeScript'™ RT
reagent Kit with gDNA Eraser (T'akara, Dalian, China) according
to the manufacturer’s instructions. The reverse transcribed cDNA
samples used for real-time PCR, which was performed on a
BioRad IQ) real-time PCR detection system. The specific primers
for  PoMYB216 were qt-PtoMYB216-F: 5'-CATCTCAA-
CATGTGTACAGTG-3" and qt-PtoMYB216-R: 5'-GCA-
GATCCTTGGTATAGATGT-3', and primers for Populus 185
gene were qt-18S-F: 5'-GGCATGGAAGGTGATGCAGATC-
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3’and qt-18S-R: 5'-CTGTGTCAAACAAGAACTTGTCC-3'.
Quantitative real-time PCR reaction and data analysis were
performed as described by Tsai et al [37] in a 25 pul reaction
volume containing 12.5 pl of SYBR Premix ExTaq™ (TaKaRa,
Dalian, China). Differences in gene expression, expressed as fold
change relative to control, were calculated using the gAACT
method. Each measurement was carried out in triplicate, and the
error bars represent SE of the mean of fold changes for the three
biological replicates. Analysis of lignin pathway genes was similarly
performed using gene-specific primers (Table S1 in File S1).

Subcellular Localization

The MYB216-GFP construct was created by ligating the PCR-
amplified ¢cDNA of PoMYB216 in the pCX-DG [32]. The
expression vectors were induced into onion epidermal cells by
Gene Gun (GJ-1000, SCIENTZ, China). The onion skin was
stained with DAPI, and then photographed by confocal micros-
copy (Leica TCS SP5).

Yeast Single-hybridization Assay

The yeast single-hybridization system was used with full-length
transcription factors in pGBKT; (Clontech) and introduced into
the vyeast strain Saccharomyces cerevisiae Gold2, as described
previously [38]. Transformants were grown on SD medium
lacking tryptophan (Trp) for positive clone selection and then on
SD medium lacking Trp, histidine (His) and adenine (Ade) for the
transactivation assay, according to the manufacturer’s instructions.
X-a-gal was used to identify the transcription activation activity of
PtoMYB216.

Histology

Poplar petioles and stems were sectioned using a vibrating
microtome to generate 100-pm serial sections. For histochemical
analysis of lignification, sections were stained with 1% (w/v)
phloroglucinol in 6 N HCI, viewed under the microscope [39].

Determination of Lignin Content

Lignin content of stems was measured by modified Klason
lignin method [40]. In brief, freeze-dried poplar was ground to
pass a 40-mesh screen using a mill. The ground poplar (1 g) was
then soxhlet-extracted with 100 ml acetone for 8 h to remove
extractable components. The total weight of extractable compo-
nents was determined gravimetrically by rotary evaporation. The
extracted lignocellulosic material was air-dried to remove solvent
and was then analyzed in triplicate for sugar and lignin
composition as follows. A 0.2 g sample of extracted poplar was
transferred to a 15-ml reaction vial in an ice bath. A 3-ml aliquot
of 72% (w/w) HySO4 was added to the sample and was
thoroughly mixed for 1 min. The test tube was immediately
transferred to a water bath maintained at 20°C and was
subsequently mixed for 1 min after every 10 min. After 2 h of
hydrolysis, the contents of each test tube were transferred to a 125-
ml serum bottle, using 112 ml nanopure HyO, to rinse all residue
and acid from the reaction vial. The serum bottles (containing
115 ml HySO4 at 4% (w/w) plus poplar) were sealed with septa
and autoclaved at 121°C for 60 min. Samples were allowed to
cool, and the hydrolysates were vacuum-filtered through pre-
weighed medium coarseness sintered-glass crucibles, washed with
200 ml warm (approximately 50°C) nanopure HyO to remove
residual acid and sugars and dried overnight at 105°C. The dry
crucibles were weighed to determine Klason (acid-insoluble lignin)
lignin gravimetrically.
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Statistical Analysis

The Student’s ¢ test program (http://www.graphpad.com/
quickcalcs/ttestl.cfim) was used for statistical analysis of the data
in the experiments of quantitative RT-PCR. 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 of MYBs from Different Species

The accession numbers of the MYB genes were: PirMYB170
(POPTR_0014s10680.1), PuMYB55 (POPTR_0014s10680.1),
PuMYB121 (POPTR_0002518700.1), AtMYB83 (NM_111685),
EeMYB2  (AJ576023), AMYB46  (NM_121290), PIMYB4
(AY356371), AMYB61 (NM_100825), ADMYBI03 (NM_124993),
AMYB26  (£95749), AtMYB85 (NM_118394), PtMYBI
(AY356372),  ZmMYB31 — (NM_001112479),  ZmMYB42
(NM_001112539), AtMYB58 (NM_101514), AtMYB63 (Z95786).

Results

Isolation and Characterizaiton of the PtoMYB216 Gene
from P. tomentosa Carr

We isolated the PoMYB216 cDNA encoding a putative R2R3
MYB protein, by RT-PCR using gene-specific primers based on
the sequences deposited in the Populus genome database.
PooMYB216 appeared to be a full-lengh ¢cDNA of 1290 bp
encoding a protein of 423 amino acids residues. PoMYB216
exhibits close sequence similarity to PoMYB216 from P. trichocarpa.
The amino-teriminal extremity of PtoMYB216 contains a typical
R2R3 inperfect repeats responsible for binding to target DNA
sequences and is highly conserved among R2R3-MYB proteins
(Fig. 1A). Comparison of the PloMYB216 sequence with databases
showed high identity with lignin-associated MYB proteins from
Arabidopsis (AtMYB61, 87.50%; AtMYB85, 62.50%), Eucalyptus
gunnii (EgMYB2, 61.11%) (Fig. 1A). Previously, a number of MYB
transcription factors have been reported to be involved in
regulation of phenylpropanoid biosynthesis, secondary xylem
development, or secondary wall formation [5], [22], [25-27],
[41]. Phylogenetic analysis demonstrated that PloM1B216 has a
close relationship with AtMYB46, AtMYB61, AtMYB83 and
EgMYB2 (Fig. 1B), indicating it is a potential transcriptional
activator in secondary wall biosynthesis.

The Expression Profiles of PtoMYB216 in Poplar Tissues

PioMYB216 expression in various tissues of Chinese white
poplar was analyzed by semiquantitative reverse transcription
(RT)-PCR (Fig. 2A). Expression was detected in all tissues tested
with the highest mRNA level in xylems. PtoMYB216 transcripts
were present at very low levels in young and old leaves.
Quantitative real-time PCR analysis with different tissues further
showed that the relative levels of the PoMYB216 transcripts in the
xylems were more than twice as abundant as in the phloems and
were 2-fold higher than in the roots (Fig. 2B). This expression
profile in lignin-rich tissue, which is in agreement with the fact that
PooMYB216 had been cloned from a ¢cDNA library of Chinese
white poplar xylem, suggest that PloMYB216 is involved in the
regulation of lignin biosynthesis. Taken together, expression of the
PioMYB216 gene is not xylem specific but is clearly up-regulated
during secondary wall formation.

Promoter Analysis of PtoMYB216 in Arabidopsis

To further investigate the spatial and temporal expression
pattern, a vector containing the uidA coding sequence (as reporter
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gene) under the control of the 1.8-kb promoter region of
ProMYB216 was introduced into wild-type 4. thalana plants.
Histochemical analysis of GUS expression in the progeny of
transformed plants showed that the PloMYB216 promoter drove
the GUS expression in the vascular region of all stained organs
(roots, leaves, flowers and siliques). Stem sections revealed the
GUS expression in protoxylem, metaxylem, intrafascicular cam-
bium and fibers (Fig. 3). This restricted pattern of expression
demonstrated that the PwMYB216 gene was expressed in tissues
undergoing secondary cell wall thickening.

Subcellular Localization and Transcriptional Activation

Activity of PtoMYB216

We assayed the subcellular localization of a PtoMYB216-green
fluorescent protein (GFP) fusion in onion epidermal cells and
found that the fusion protein accumulated in the nucleus (Fig. 4A),
consistent with the predicted function as transcription factors. To
examine whether PtoMYB216 is transcriptional activators, we
fused it with the GAL4 DNA-binding domain for transactivation
analysis in yeast. It was shown that PA/YB216 was able to induce
the expression of the Lac{ reporter gene (Fig. 4B), indicating that it
is a transcriptional activator.

Overexpression of PtoMYB216 in P. tomentosa Carr

To investigate whether PwMYB216 is involved in the regulation
of secondary wall biosynthesis, the PloMYB216 open reading frame
under the control of the cauliflower mosaic virus 35S promoter
was introduced into Chinese white poplar by A. tumefaciens-
mediated transformation. A total of 10 hygromycin-resistant
putative transformants were obtained and grown in the green-
house. The generated transgenic plants did not show any
phenotypic changes compared with wild-type plants, except for a
slight reduction in plant height (Figure S1 in File S1). PCR analysis
using gene-specific primers showed that an expected amplification
product specific for Hpt was obtained from all transgenic lines
tested, whereas no signal was detected from wild-type plants
(Figure S2 in File S1), confirming the integration of the transgene
into the poplar genome. From all of the independent hygromycin-
resistant transgenic lines harboring the 35S:PloMYB216 construct,
three independent lines (2, 3 and 7) with high PwMYB216
transcript levels were selected for further analysis (Fig. 5B).

To determine lignin localization in 35S:PtoMYB216 and control
poplar plants, petiole and stem sections were stained with
phloroglucinol-HCI, which reacts specifically with lignins to form
a red chromophore. As expected, phloroglucinol-HCI stained the
tissues of the wild type lines less intensely than the 35S:PoMYB216
tissues (Fig. 5A). In stem sections, lignins were observed in the
xylems of the control plants, while much higher concentration of
lignins was detected in the xylems of the PoM1B216-overexpress-
ing plants (Fig. 5A). In petioles, staining was observed only in the
xylems in the controls, while in 35S:PoMYB216 plants, Plo-
MYB216 overexpression caused ectopic deposition of lignin
(Fig. 5A). The deposition of lignin in stems of PwMYB216
overexpressors was confirmed by chemical analysis of lignin
composition. The results showed that Klason lignin content in
stems of 358:PloMYB216 plants was almost 2-fold higher than that
of the wild type (Table 1), demonstrating that PoMTYB216 is
capable of activating the lignin biosynthetic pathway.
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Figure 1. Sequence analysis of the PtrMYB216 cDNA. (A) Sequence similarity of the N-terminal region of predicted PtrMYB216 including the
conserved R2R3 DNA-binding domains with other MYB transcription factors. The R2R3 MYB domain is underlined. Identical and similar amino acid
residues are shaded with black and gray, respectively. (B) Phylogenetic analysis of PtrMYB216 together with other MYBs involved in regulation of
secondary wall biosynthesis or phenylpropanoid metabolism. Phylogenetic analysis was performed using the neighbor-joining method using MEGA
version 4. Bar, 0.1 substitutions per site. Additional sequences include Arabidopsis thaliana (AtMYB26, At3g13890; AtMYB46, At5912870; AtMYB58,
At1g16490; AtMYB61, At1g09540; AtMYB63, At1g79180; AtMYB83, At3g08500; AtMYB85, At49g22680; AtMYB103, At1963910), Zea mays (ZmMYB31,
CAJ42202; ZmMYB42, CAJ42204), Eucalyptus gunnii (EgMYB1, CAE09058; EQMYB2, AJ576023), Pinus taeda (PtMYB1, AY356372; PtMYB4, AY356371),
Populus tremula x tremuloides (PttMYB21a, AJ567345), P. trichocarpa (PtrMYB216, POPTR_0013500290.1).

doi:10.1371/journal.pone.0076369.g001

Induction Expression of Genes Associated with gene (F5HZ2) was significantly decreased in the PwMYB216
Secondary Cell Wall Biosynthesis by PtoMYB216 overexpressors, but no obvious changes in transcript levels of
Overexpression caffeoyl-CoA O-methyltransferase? gene (CCoAOMTI), O-methyl-

Since manipulation of PwMVB216 function resulted in an transferase gene (COMT2) and C}nnamyl alcohol dehydrogenase
increase in lignin content, we used qRT-PCR with gene specific gene (CADI) were observed (Fig. 6A). We also assayed the

primers (Table S1 in File S1) to investigate the expression of genes expression of genes a.ssoclated with ccllulose blf)synthesm a%nd
encoding enzymes involved in the general phenylpropanoid found that overexpression of PloMYB216 resulted in an elevation

metabolism as well as in the specific branch toward monolignol in the expression of CesA 34 [,42]’ and two xylan biosynthetic genes
biosynthesis. All of the upsteam genes including L-phenylalanine GT43B and GT43D [42] (Flgj 6B). Ta‘kep togethq, these r§sul.ts
ammonia-lyase gene (PAL4), 4-hydroxycinnamate:CoAligase gene demonstrate that PloMYB216 is transcriptional activators of lignin
(4CLY), p-coumar-oylshikimate 3'-hydroxylase gene (C3'H3) and biosynthesis during secondary wall formation.

cinnamoyl-CoA reductase gene (CCR2) were found to be up-

regulated in the transgenic plants overexpressed PoMYB216

(Fig. 6A). Interestingly, the expression of ferulate 5-hydroxylase
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Figure 2. Expression patterns of PtoMYB216 in various tissues
of P. tomentosa Carr. Semi-quantitative RT-PCR analysis of
PtoMYB216 expression in various tissues of P. tomentosa Carr. (B)
Quantitative real-time PCR analysis of PtoMYB216 transcript levels in
various tissues of P. tomentosa Carr. Actin expression was used as a
control. Total RNA was isolated from xylem, phloem, root, stem, petiole,
old leaf, young leaf.

doi:10.1371/journal.pone.0076369.g002

Discussion

Lignin is the second most abundant biomass component
produced by vascular plants. The lignin polymers are mainly
deposited in secondary wall-containing cells, such as fibers and
tracheary elements, and provide plants with structural support, a
mechanical barrier against pest attack, and the raw material for
constructing the vascular system [43], [44]. Most previous
molecular and genomic studies on wood formation have involved
in major efforts on the identification of the biosynthetic genes of
lignin polymers, which is the first important step toward our
understanding of wood formation and our attempts to genetically
modify wood quantity and quality [45]. In addition to genes
encoding enzymes involved in lignin biosynthesis, recently many
transcription factors have been shown to regulation of lignin
biosynthetic pathway [16]. Most lignin activators characterized to
date are from the MYB family. Here, we have characterized a new
R2R3 MYB gene (PoMYB216) from P. tomentosa Carr. and
preferentially expressed in secondary xylem (Fig. 2). Subcellular
localization analysis showed that PtoMYB216 protein targeted to
the nucleus and a transactivation assay of this gene obtained
positive results (Fig. 3), indicating that PtoMYB216 works as a
transcription factor. Overexpression of PoMYB216 in poplar
resulted in an ectopic deposition of lignin (Fig. 5) and activation of
lignin biosynthetic genes (Fig. 6).

The R2R3-MYB proteins comprise one of the largest families of
transcription factors in plants. R2R3-MYB family members play
central roles in plant-specific processes, such as the elaboration of
specialized cell types, including xylem, guard cells, trichomes, and
root hairs, and the biosynthesis of specialized branches of
metabolism, including lignin biosynthesis [46]. In a previous
study, the entire P. trichocarpa MYB family has been characterized
and 192 R2R3-MYB genes in the P. trichocarpa genome were
annotated [30]. Phylogenetic analysis of the predicted R2R3-MYB

PLOS ONE | www.plosone.org
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Figure 3. Expression analysis of PtoMYB216 gene promoters.
PtoMYB216 promoter-driven GUS construct was generated (A) and
introduced into Arabidopsis thaliana. Transgenic seedlings were grown
on MS media and assayed for GUS activity. GUS expression was
observed in various tissues of PtoMYB216::GUS plants, including leaf (B),
flower (C), root (E), silique (F) and cortex and in vascular bundles in the
cross section of stem (D).

doi:10.1371/journal.pone.0076369.g003

A 35S:GFP  35S:PtoMYB216:GFP

SD/-Trp  SD/-3
(X-a-gal)

GAL4BD

‘GAL4BD ‘ PtoMYB216 ‘

Figure 4. Nuclear localization and transcriptional activity of
PtoMYB216. (A) Onion epidermis was transformed with 35S:Pto-
MYB216:GFP and 35S:GFP constructs by particle bombardment. GFP
fluorescent images were examined with confocal microscope at 18 h
after bombardment. The position of nuclei was confirmed by DAPI
staining and bright-filed images were compared. (B) Transcriptional
activation analysis of PtoMYB216 ORF fused with the GAL4 DNA-
binding domain (GAL4BD) showing its ability to activate the expression
of the Trp and o-Gal reporter genes in yeast.
doi:10.1371/journal.pone.0076369.g004
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Figure 5. Ectopic expression of PtoMYB216 results in an
increase of xylem secondary cell wall thickness. (A) View of
vascular tissues stained by Phloroglucinol-HCl in transverse sections of
stem and petiole of the 35S:PtoMYB216 plants and the wild-type. (B)
Quantitative real-time PCR analysis of PtoMYB216 transcript levels in
stems of transgenic poplar plants. WT, the wild type; 2, 3, and 7,
PtoMYB216-overexpressing lines. Error bars represent SE of three
replications.

doi:10.1371/journal.pone.0076369.g005

protein sequences reveals that these proteins are clustered into 49
subgroups, and clade 10 includes four R2R3-MYB family
members, PrMYB2, PtrMYB3, PtrMYB2land PtrMYB20, im-
plicated in the regulation of genes encoding lignin biosynthetic
enzymes [30]. This clade also includes Pinus taeda MYB4 [21],
AtMYB46 [23], AMMYB61 [47], Eucalyptus gunnii MYB2 [22], and
Picea glauca MYB4 [31]. These genes have been shown to function
in an almost identical fashion, with expression in differentiating
xylem cells and capacity to alter lignin biosynthesis. Recently, it is
demonstrated that the poplar wood-associated MYB transcrip-
tional activators PtrMYB3 and PtrMYB20, activate the biosyn-
thetic pathways of cellulose, xylan and lignin when overexpressed
in Arabidopsis and they are also able to activate the promoter
activities of poplar wood biosynthetic genes [29], suggesting their
involvement in the regulation of wood formation in poplar. In our
phylogenetic analysis, PtoMYB216 protein groups in this lignifi-
cation-related R2R3-MYB clade and it is most similar to
AtMYB61 from A. thalian (Fig. 1A). A previous study has
demonstrated that overexpression of AtMYB61 causes ectopic
lignification and phenocopies a dark-photomorphogenic mutant,
de-etiolated 3 (det3) [41]. AtMYB61 also controls stomatal aperture
in Arabidopsis [48] and seed coat mucilage deposition [49],
indicating that AtMYB61 might function as a coordinate regulator
of multiple and distinct biosynthetic pathways. In this study,
PtoMYB216 overexpresison induced cell wall modifications in
xylem of transgenic plants, suggesting that PtoMYB216 plays a
role in regulating lignin biosynthesis in poplar. Additionally, lignin
also plays a role in plant responses to biotic and abiotic stresses
[50]. For example, rice plants over-expressing OsWRKY89 showed
enhanced tolerance to the rice white-backed planthopper Sogatella
Jurcifera, associated with increase in lignification of stems [4]. It is
still unknown whether PoMYB216 also play regulatory roles in
other biosynthetic pathways. Therefore, future work will focus on
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Table 1. Lignin content in the stems of the wild type and
transgenic poplar overexpressing PtoMYB216 as determined
by Klason analysis.

Lines Lignin(mg/100 mg)
Wild type 20.68+1.42
35S:PtoMYB216 Line 2 29.14+2.43
355:PtoMYB216 Line 3 25.81+0.85
35S:PtoMYB216 Line 7 2842+1.76

The analysis reveals a higher lignin content in PtoMYB216 overexpressor to the
wild type. Each data point is the mean (mg/100 mg dry stems) *+ SE of three
separate assays.

doi:10.1371/journal.pone.0076369.t001

understanding the function and regulation of this gene in biotic
and abiotic stress responses.

Previous studies have shown that R2R3 MYB transcription
factors are involved in directly regulating secondary cell wall
formation and lignin deposition by binding to AC elements in the
promoters of lignin biosynthetic pathway genes [5], [21], [22].
The biochemical pathways of monolignol biosynthesis are highly
conserved throughout vascular plants, and most of the enzymes in
the monolignol biosynthesis pathway have been identified and
characterized [5]. AC elements have been found in the promoters
of PAL, 4CL, C3H, CCoAOMT, CCR and CAD [51]. In the present
study, we found that overexpression PoMYB216 only activated the
expression of the upstream genes (PAL4, 4CL5, C4H2 and C3H35)
in the lignin biosynthetic pathway. Whereas CCoAOMT expression
was not changed although AC elements are present in its promoter
(Fig. 6). It is most likely that PtoMYB216 just binds to the AC
elements in the promoters of these upstream genes in the lignin
biosynthetic pathway in poplar. C4H, FSH and COMT have not
apparent AC elements in their promoters [51], although it is
possible that more degenerate AC elements may be present in
their promoters. Consistent with this possibility, the C4H2 gene is
also shown to be directly activated by PloMYB216 (Fig. 6).

MYB transcription factors act as activators of lignin biosynthe-
sis. For example, overexpression of pine PtM1B4 in tobacco led to
increased lignin content due to enhanced expression of C3H,
CCOMT, COMT, CCR and CAD genes [21]. Lignin quality can
also be controlled by MYB transcription factors. An increased S/
G ratio without any change in lignin content was found in
transgenic tobacco overexpressing eucalyptus EgMYB2 and the
expression of the downstream genes in lignin biosynthetic pathway
was highly induced in these plants [22]. Newman et al. [41] has
previously reported that overexpression of AtMYB61, a homolog of
PoMYB216, causes ectopic lignification in Arabidopsis. Here, we
found that PoMYB216 overexpression in poplar plants resulted in
an increase in lignin content (Table 1), while no impact on the S/
G ratio of the lignin (Data not shown). qRT-PCR analysis showed
that expression of CCoAOMTI, COMT2 and CADI were not
changed in transgenic plants overexpressing PloMYB216 (Fig. 6). It
is consistent with the reported results, in which the transcription of
CCoAOMTI, COMT?2 and CADI was modulated according to the
metabolic demand of monolignol biosynthesis.

PuoMYB216 overexpression is sufficient to induce lignification,
but it remains to be determined if it is necessary for lignification. In
general, it 1s the possible functional redundancy in the R2R3-MYB
family in plants. In P. tomentosa Carr., there are at least four R2R3
MYB family members (PloMYB170, PoMYB55, PoMYBI2] and
PioMYB216) that could be the functional orthologues AtMYB61
(Fig. 1B). Such functional redundancy confounds loss-of-function
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Figure 6. Gene expression analyses of lignin biosynthetic genes in transgenic plants overexpressing PtoMYB216. Transcript
accumulation was quantified by quantitative real-time polymerase chain reaction (QRT-PCR). The quantitative differences of the expression of the
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tested genes between the wild type and the overexpression lines are statistically significant (P<<0.05). Error bars represent SE of three biological
replicates. (A) Overexpression of PtoMYB216 induces the expression of lignin biosynthetic genes. The genes selected for expression analysis were
previously shown to be highly expressed in stems where lignified fibers and vessels are abundant [51]. PAL4, phenylalanine ammonia lyase 4; C4H2,
cinnamate 4-hydroxylase 2; 4CL5, 4-coumarate CoA ligase 5; C3H3, p-coumarate 3-hydroxylase 3; CCOAOMT1, caffeoyl CoA 3-O-methyltransferase 1;
CCR2, cinnamoyl CoA reductase 2; F5H2, ferulate 5-hydroxylase 2; COMT2, caffeic acid O-methyltransferase 2; CAD1, cinnamyl alcohol dehydrogenase
1. (B) Overexpression of PtoMYB216 induces the expression of secondary wall-associated cellulose synthase genes (CesA2B, CesA3A), xylan

biosynthetic genes (GT43B and GT43D).
doi:10.1371/journal.pone.0076369.g006

experiments aimed at determining necessity. In gene families that
have functional redundancy, related family members often must
be suppressed before a phenotype is observed [52]. In order to
address these problems in future experiments aimed at testing
necessity of the PloMYB216 homologs to regulate lignification, it
may be necessary to suppress several MYB family members
simultaneously, focusing on the Arabidopsis AtIMYB61orthologues.

Supporting Information

File S1 Contains: Table S1 List of primers used for
qRT-PCR. Figure S1. Photographs of PtoMYB216 over-
expressing Populus tomentosa Carr. after four weeks of
growth. No phenotypic or growth differences were observed
between PoMYB216 overexpressing and control plants under the
same growth conditions. Figure S2. PCR analysis of
transgenic poplar plants. Genomic DNAs were isolated
from hygromycin-resistant plants transformed with the
358:PtoMYB216 vector. PCR amplification using primers

References

1. Rogers LA, Campbell MM (2004) The genetic control of lignin deposition
during plant growth and development. New Phytol 164: 17-30.

2. Boerjan W, Ralph J, Baucher M (2003) Lignin biosynthesis. Ann Rev Plant Biol
5: 19-546.

3. Bucciarelli B, Jung HG, Ostry ME, Anderson NA, Vance CP (1998) Wound
response characteristics as related to phenylpropanoid enzyme activity and lignin
deposition in resistant and susceptible Populus tremuloides inoculated with
Entoleuca mammata (Hypoxylon mammatum). Can J Bot 76: 1282-1289.

4. Wang Y, Yang HY, Cheng ZQ (2007) Relationship between SA-induced
resistance to grey mold in Arabidopsis and the lignin contents. Plant Protection 4:
50-54.

5. Zhong R, Ye ZH (2007) Regulation of cell wall biosynthesis. Curr Opin Plant
Biol 10: 564-572.

6. Kao YY, Harding SA, Tsai CJ (2002) Differential expression of two distinct
phenylalanine ammonia-lyase genes in condensed tannin-accumulating and
lignifying cells of quaking aspen. Plant Physiol 130: 796-807.

7. Ro DK, Mah N, Ellis BE, Douglas CJ (2001) Functional characterization and
subcellular localization of poplar (Populus trichocarpa x Populus deltoides) cinnamate
4-hydroxylase. Plant Physiol 126: 317-29.

8. Voelker SL, Lachenbruch B, Meinzer FC, Jourdes M, et al. (2010) Antisense
down-regulation of 4CL expression alters lignification, tree growth, and
saccharification potential of field-grown poplar. Plant Physiol 154: 874-86.

9. Do CT, Pollet B, Thévenin J, Sibout R, Denoue D, et al. (2007) Both caffeoyl
coenzyme A 3-O-methyltransferase 1 and caffeic acid O-methyltransferase 1 are
involved in redundant functions for lignin, flavonoids and sinapoyl malate
biosynthesis in Arabidopsis. Planta 226: 1117-1129.

10. Meyer K, Shirley AM, Cusumano JC, Bell-Lelong DA, Chapple C (1998) Lignin
monomer composition is determined by the expression of a cytochrome P450-
dependent monooxygenase in Arabidopsis. Proc Natl Acad Sci U S A 95: 6619—
6623.

11. Mir Derikvand M, Sierra JB, Ruel K, Pollet B, Do CT, et al. (2008) Redirection
of the phenylpropanoid pathway to feruloyl malate in Arabidopsis mutants
deficient for cinnamoyl-CoA reductase 1. Planta 227: 943-956.

12. Sibout R, Eudes A, Mouille G, Pollet B, Lapierre C, et al. (2005) CINNAMYL
ALCOHOL DEHYDROGENASE-C and -D Are the primary genes involved
in lignin biosynthesis in the floral stem of Arabidopsis. Plant Cell 17: 2059-2076.

13. Zhong R, Ye ZH (2009) Transcriptional regulation of lignin biosynthesis. Plant
Signal Behav 4: 1028-1034.

14. Kubo M, Udagawa M, Nishikubo N, Horiguchi G, Yamaguchi M, et al. (2005)
Transcription switches for protoxylem and metaxylem vessel formation. Gene
Dev 19: 1855-1860.

15. Wang HZ, Avci U, Nakashima J, Hahn MG, Chen F, et al. (2010) Mutation of
WRKY transcription factors initiates pith secondary wall formation and
increases stem biomass in dicotyledonous plants. Proc Natl Acad Sci U S A
107: 22338-43.

PLOS ONE | www.plosone.org

specific for the production of a 562-bp PoMYB216 fragment. M,
D2000 DNA Ladder; WT, non-transgenic plants; P, correspond-
ing plasmid DNA (positive control); Lanes 1-10, independent
transgenic lines. Numbers on the left indicate DNA marker sizes in
base pairs.

DOC)

Acknowledgments

The authors thank Professor Guoliang Wang (Hunan Agricultural
University, Changsha 410128, China) for providing the plant binary
vectors pCXGUS-P and pCXSN.

Author Contributions

Conceived and designed the experiments: KL. Performed the experiments:
QT CL XW WL Y]J. Analyzed the data: KL WL LY. Contributed
reagents/materials/analysis tools: QT WL LY Y]J. Wrote the paper: KL
QrT.

16. Zhao Q, Dixon RA (2011) Transcriptional networks for lignin biosynthesis:
more complex than we thought? Trends Plant Sci 16: 227-33.

17. Hartmann U, Sagasser M, Mehrtens F, Stracke R, Weisshaar B (2005)
Differential combinatorial interactions of cis-acting elements recognized by
R2R3-MYB, BZIP and BHLH factors control light-responsive and tissue-
specific activation of phenylpropanoid biosynthesis genes. Plant Mol Biol 57:
155-71.

18. Stracke R, Ishihara H, Huep G, Barsch A, Mehrtens F, et al. (2007) Differential
regulation of closely related R2R3-MYB transcription factors controls flavonol
accumulation in different parts of the Arabidopsis thaliana seedling. Plant J 50:
660-77.

19. Teng S, Keurenges J, Bentsink L, Koornneef M, Smeekens S (2005) Sucrose-
specific induction of anthocyanin biosynthesis in Arabidopsis requires the
MYB75/PAP1 gene. Plant Physiol 139: 1840-1852.

20. Deluc L, Barrieu F, Marchive C, Lauvergeat V, Decendit A, et al. (2006)
Characterization of a grapevine R3R3-MYB transcription factor that regulates
the phenylpropanoid pathway. Plant Physiol 140: 499-511.

21. Patzlaff A, Mclnnis S, Courtenay A, Surman C, Newman L], et al. (2003)
Characterization of a pine MYB that regulates lignification. Plant J 36: 743-754.

22. Goicoechea M, Lacombe E, Legay S, Mihaljevic S, Rech P, et al. (2005)
EgMYB2, a new transcriptional activator from eucalyptus xylem, regulates
secondary cell wall formation and lignin biosynthesis. Plant J 43: 553-567.

23. Zhong R, Richardson EA, Ye ZH (2007) The MYB46 transcription factor is a
direct target of SND1 and regulates secondary wall biosynthesis in Arabidopsis.
Plant Cell 19: 2776-2792.

24. Zhong R, Lee C, Zhou J, McCarthy RL, Ye ZH (2008) A battery of
transcription factors Involved in the regulation of secondary cell wall
biosynthesis in Arabidopsis. Plant Cell 20: 2763-82.

25. ZhouJ, Lee C, Zhong R, Ye ZH (2009) MYB58 and MYB63 Are transcriptional
activators of the lignin biosynthetic pathway during secondary cell wall
formation in Arabidopsis. Plant Cell 21: 248-66.

26. McCarthy RL, Zhong R, Ye ZH (2009) MYB83 is a direct target of SND1 and
acts redundantly with MYB46 in the regulation of secondary cell wall
biosynthesis in Arabidopsis. Plant Cell Physiol 50: 1950-1964.

27. Bomal C, Bedon F, Caron S, Mansfield SD, Levasseur C, et al. (2008)
Involvement of Pinus taeda MYB1 and MYB8 in phenylpropanoid metabolism
and secondary cell wall biogenesis: a comparative in planta analysis. ] Exp Bot
14: 3925-3939.

28. Rahantamalala A, Rech P, Martinez Y, Chaubet-Gigot N, Grima-Pettenati J, et
al. (2010) Coordinated transcriptional regulation of two key genes in the lignin
branch pathway - CADand CCR- is mediated through MYB- binding sites.
BMC Plant Biol 10: 130.

29. McCarthy RL, Zhong R, Fowler S, Lyskowski D, Piyasena H, et al. (2010) The
Poplar MYB Transcription Factors, PrMYB3 and PtrMYB20, are Involved in

October 2013 | Volume 8 | Issue 10 | e76369



30.

32.

33.

34.

36.

37.

38.

40.

the Regulation of Secondary Wall Biosynthesis. Plant Cell Physiol 51: 1084

1090.

Wilkins O, Nahal H, Foong J, Provart NJ, Campbell MM (2009) Expansion and
diversification of the Populus R2R3-MYB family of transcription factors. Plant
Physiol 149: 981-93.

. Bedon F, Grima-Pettenati J, Mackay J (2007) Conifer R2R3-MYB transcription

factors: sequence analyses and gene expression in wood-forming tissues of white
spruce (Picea glauca). BMC Plant Biol 7: 17.

Chen S, Songkumarn P, Liu J, Wang GL (2009) A versatile zero background T-
vector system for gene cloning and functional genomics. Plant Physiol 150:
11111121,

Lloyd G, McCown B (1980) Commercially feasible micropropagation of
mountain laural (Kalmla latlfolia) by use of shoot tip cultures. Comb Proc Int
Plant Prop Soc 30: 421-427.

Jia ZC, Sun YM, Yuan L, Tian Q, Luo KM (2010) The chitinase gene (Bbchitl)
from Beauveria bassiana enhances resistance to Cylospora chrysosperma in Populus
tomentosa Carr. Biotech Lett 32: 1325-1332.

. Clough SJ, Bent AF (1998) Floral dip: a simplified method for Agrobacterium-

mediated transformation of Arabidopsis thaliana. Plant J 16: 735-43.
http://www.plantcell.org/content/21/1/248 full - xref-ref-49-1Zhong R, Pena
M]J, Zhou GK, Nairn CJ, Wood-Jones A, et al. (2005) Arabidopsis Fragile Fiber8,
which encodes a putative glucuronyltransferase, is essential for normal secondary
wall synthesis. Plant Cell 17: 3390-3408.

Tsai CJ, Harding SA, Tschaplinski TJ, Lindroth RL, Yuan Y (2006) Genome-
wide analysis of the structural genes regulating defense phenylpropanoid
metabolism in Populus. New Phytol 172: 47-62.

Zaragoza MV, Lewis LE, Sun G, Wang E, Li L, et al. (2004) Identification of the
TBXS5 transactivating domain and the nuclear localization signal. Gene 330: 9—

18.

. Baum S (2008) Preparation of Arabidopsis tissue sections of fixed material. Cold

Spring Harb Protoc 10: 1101.
Dence CW (1992) Lignin determination. In Methods in Lignin Chemistry.
Springer Berlin Heidelberg: 33-61.

PLOS ONE | www.plosone.org

10

41.

42,

43.

44.

46.

47.

48.

49.

50.

51.

PtoMYB216 Is Involved in Lignin Biosynthesis

Newman L], Perazza DE, Juda L, Campbell MM (2004) Involvement of the
R2R3-MYB, AtMYB61, In the ectopic lignification and dark-photomorphogenic
components of the det3 mutant phenotype. Plant J 37: 239-250.

Lee C, Teng Q, Zhong RQ, Ye ZH (2011) Molecular dissection of xylan
biosynthesis during wood formation in poplar. Mol Plant 4: 730-747.

Koch GW, Sillett SC, Jennings GM, Davis SD (2004) The limits to tree height.
Nature 428: 851-854.

Bhuiyan NH, Selvaraj G, Wei Y, King J (2009) Role of lignification in plant
defense. Plant Signal Behav 4: 158-159.

. Mellerowicz EJ, Sundberg B (2008) Wood cell walls: biosynthesis, developmental

dynamics and their implications for wood properties. Curr Opin Plant Biol 11:
293-300.

Dubos C, Stracke R, Grotewold E, Weisshaar B, Martin C, et al. (2010) MYB
transcription factors in Arabidopsis. Trends Plant Sci 15: 573-81.

Romano JM, Dubos C, Prouse MB, Wilkins O, Hong H, et al. (2012) AtMYB61,
an R2R3-MYB transcription factor, functions as a pleiotropic regulator via a
small gene network. New Phytol 195: 775-86.

Liang YK, Dubos C, Dodd IC, Holroyd GH, Hetherington AM, et al. (2005)
AMYB61, an R2R3-MYB transcription factor controlling stomatal aperture in
Arabidopsis thaliana. Curr Biol 15: 1201-6.

Penfield S, Meissner RC,, Shoue DA, Carpita NC, Bevan MW (2001) MYB61 is
required for mucilage deposition and extrusion in the Arabidopsis seed coat. Plant
Cell 13: 2777-2791.

Hawkins S, Boudet A, Grima-Pettenati J (2003) Characterisation of caffeic acid
O-methyltransferase and cinnamyl alcohol dehydrogenase gene expression
patterns by in situ hybridisation in Eucalyptus gunnii Hook. plantlets. Plant Sci
164: 165-173.

Raes J, Rohde A, Christensen JH, Peer YV, Boerjan W (2003) Genome-wide
characterization of the lignification toolbox in Arabidopsis. Plant Physiol 133:
1051-71.

. Fitter DW, Martin DJ, Copley MJ, Scotland RW, Langdale JA (2002) GLK

gene pairs regulate chloroplast development in diverse plant species. Plant J 31:

713-27.

October 2013 | Volume 8 | Issue 10 | e76369



