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Introduction

Summary

e The major obstacle for bioenergy production from switchgrass biomass is the low sacchari-
fication efficiency caused by cell wall recalcitrance. Saccharification efficiency is negatively
correlated with both lignin content and cell wall ester-linked p-coumarate: ferulate (p-CA :
FA) ratio. In this study, we cloned and functionally characterized an R2R3-MYB transcription
factor from switchgrass and evaluated its potential for developing lignocellulosic feedstocks.

e The switchgrass PvMYB4 cDNAs were cloned and expressed in Escherichia coli, yeast,
tobacco and switchgrass for functional characterization. Analyses included determination of
phylogenetic relations, in situ hybridization, electrophoretic mobility shift assays to determine
binding sites in target promoters, and protoplast transactivation assays to demonstrate
domains active on target promoters.

e PvMYB4 binds to the AC-I, AC-Il and AC-IIl elements of monolignol pathway genes and
down-regulates these genes in vivo. Ectopic overexpression of PvMYB4 in transgenic switch-
grass resulted in reduced lignin content and ester-linked p-CA : FA ratio, reduced plant
stature, increased tillering and an approx. threefold increase in sugar release efficiency from
cell wall residues.

e We describe an alternative strategy for reducing recalcitrance in switchgrass by manipulat-
ing the expression of a key transcription factor instead of a lignin biosynthetic gene. PvMYB4-
OX transgenic switchgrass lines can be used as potential germplasm for improvement of
lignocellulosic feedstocks and provide a platform for further understanding gene regulatory
networks underlying switchgrass cell wall recalcitrance.

wall. The cellulose microfibrils are embedded in a matrix of
hemicelluloses that are covalently linked with lignin and other

Switchgrass is a C4 perennial forage grass native to most areas of
the North American grasslands. Since switchgrass has high bio-
mass yield and is well adapted to marginal lands, it has been
selected as a dedicated lignocellulosic feedstock for bioenergy
production in the United States (McLaughlin & Adams Kszos,
2005; Bouton, 2007; Schmer ez 4l., 2008). The biomass yield of
switchgrass varies according to precipitation during the growing
season, annual temperature, nitrogen fertilization, and the type of
cultivar (Fuentes & Taliaferro, 2002; Wullschleger ez al., 2010).
The estimated annual biomass yield of switchgrass in the United
States is projected to average 12.9 metric tons per hectare for
lowland ecotypes and 8.7 metric tons for upland ecotypes
(Wullschleger et al., 2010).

The major barrier to efficient conversion of lignocellulose to
liquid transportation fuels is the recalcitrant nature of the cell
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aromatic phenolic compounds. These linkages, and the masking
effect of lignin itself, increase the pretreatment costs and block
the access of enzymes to the polysaccharide chains (Akin, 2007;
Himmel ez al., 2007; Pauly and Keegstra, 2008). Reduction of
lignin content through transgenic approaches improves ferment-
able sugar yield and saccharification efficiency of alfalfa stems
(Chen & Dixon, 2007; Jackson et /., 2008), and chemical analy-
sis of field-grown switchgrass stems indicated that the saccharifi-
cation efficiency is negatively correlated with lignin content and
ester-linked p-CA : FA ratio (Shen ez al, 2009a). Therefore,
genetic modification of lignin and cell wall phenolic ester synthe-
sis in switchgrass would be predicted to serve as an efficient
method for reducing recalcitrance and thus improving bioenergy
production efficiency (Hisano et al., 2009; Keshwani & Cheng,
2009).
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Lignin is formed by the oxidative polymerization of three
monolignols, p-coumaryl, coniferyl and sinapyl alcohols, to give
the hydroxyphenyl (H), guaiacyl (G) and syringyl (S) units of the
mature lignin polymer. Although the monolignol biosynthetic
pathway is now well understood (Supporting Information,
Fig. S1), and a picture is beginning to emerge of its complex
regulatory architecture, to date only a few of the lignin biosyn-
thetic and regulatory genes from switchgrass have been function-
ally characterized or annotated by comparative bioinformatics
analysis. This situation will soon be changed with the ongoing
efforts in switchgrass genetics and genomics (Okada ez 4l., 2010).

Common regulatory cis-elements have been identified within
the promoters of the genes in the lignin biosynthesis pathway
(Hatton ez al., 1995; Raes et al., 2003; Legay ez al., 2007). A
detailed analysis of the bean phenylalanine ammonia-lyase 2
(PAL2) promoter identified three AC elements together with a
G-box involved in xylem-specific expression (Hatton ez al,
1995). Mutation of the AC-1 (ACCTACC), AC-IT (ACCAACC)
and AC-III (ACCTAAC) elements resulted in a decrease in
xylem-associated expression (Hatton ez al., 1995). Bioinformatic
analysis of the promoters of all lignin biosynthetic genes in
Arabidopsis thaliana indicated that such AC elements are present
in the majority of the genes except for the promoters of ferulate
5-hydroxylase (F5H) and caffeic acid 3-O-methyltransferase
(COMT) (Raes et al., 2003). However, examination of 2 kb of a
maize COMT gene promoter region identified a putative ACIII
box (aAACCTAAC) 200 bp upstream of the transcription start
site (Fornalé et al., 2006).

The lignin biosynthesis pathway is coregulated with the
secondary cell wall biosynthesis program through a master switch
system which includes a group of NAC and R2R3-MYB
transcription factors (TFs) (Mitsuda ez al., 2007; Zhong et al.,
2010). The Arabidopsis genome contains at least 114 NAC genes
(Olsen et al., 2005; Shen et al., 2009b) and 126 members of the
R2R3-MYB family (Romero et al., 1998; Stracke et al., 2001).
The R2R3-MYB family members are classified into at least 22
subfamilies based on their conserved C-terminal motifs (Romero
et al., 1998; Stracke er al, 2001). A group of R2R3-MYB
transcriptional activators have been shown to bind directly to AC
elements in vitro. These activators include PtMYB1 and PtMYB4
from pine (Patzlaff ez al, 2003; Bomal ez al., 2008), EgMYB2
from Eucalyptus (Goicoechea ez al., 2005), VVMYB5a from Vitis
vinifera (Deluc et al., 2006), NtMYBJS1 from tobacco (Galis
et al., 2006), PerMYB21a from poplar (Karpinska et a/., 2004;
Bylesjo et al., 2008) and AtMYB61, AtMYB68 and AtMYB63
from Arabidopsis (Zhou et al., 2009; Wang et al., 2010). It has
been suggested that AtMYB68, AtMYB63 and their close homo-
log PtrMYB28 from poplar are lignin-specific TFs, whereas
PtMYB4 and EgMYB2 also regulate the biosynthesis of cellulose
and xylan and therefore serve as secondary cell wall master
switches (Zhong ez al., 2010).

By contrast, members from subfamily 4 of the R2R3-MYB
family have been shown to act as transcriptional repressors of
monolignol biosynthetic genes. This was first demonstrated
for AmMYB308 and AmMYB330 from Antirrhinum majus
(Tamagnone ez al., 1998). Overexpression of AmMYB308 and
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AmMYB330 in tobacco causes reduced plant growth and a white
lesion phenotype on leaves (Tamagnone et @/, 1998). Similar
phenotypes were observed on overexpression of AtMYB4 in
Arabidopsis (Jin et al., 2000). AtMYB32 (Preston ez al., 2004), a
close homolog of AtMYB4, Eucalyptus gunnii EgMYB1 (Legay
et al., 2007) and maize ZmMYB31 and ZmMYB42 have also
been identified as lignin repressors, and ZmMYB31 was
proposed to be a good candidate for biotechnological applica-
tions (Fornalé et al., 2006, 2010; Sonbol et al., 2009). However,
no genetic manipulation of lignin repressors in monocot plants
has yet been reported.

In the present study, we have identified and characterized the
lignin repressor PvMYB4 from switchgrass. Effects of overexpres-
sion of PvMYB4 in transgenic tobacco and switchgrass suggest
that the gene is functionally orthologous to AtMYB4 and
ZmMYB31. PvMYB4 binds directly to AC-I (preferred), AC-II
and AC-III elements, both iz vitro and in a yeast transcription
system. Lignin biosynthetic genes are significantly down-
regulated in PvMYB4-overexpressing plants, associated with
reductions in lignin content and ester-linked p-CA : FA ratio.
Overexpression of PvMYB4 in transgenic switchgrass increases
saccharification efficiency threefold.

Materials and Methods

Plant materials and growth conditions

Tobacco (Nicotiana tabacum cv Xanthi NN) and switchgrass
(Panicum virgatum L. cv Alamo) were grown in the glasshouse
under standard conditions (temperature range 25-29°C with a
16 h day from 06:00 to 22:00 h facilitated by supplementary
lighting (parabolic aluminized reflector, 125-55 pmol m ) and
relative humidity 77-22%, average 51%). Plants were watered
two to three times wk™!, with fertilizer (Peters 20-10-20; J.R.
Peters Inc., Allentown, PA, USA) added in the last watering. For
tissue-specific gene expression pattern analysis, roots, leaves, leaf
sheaths, internodes, and flowers were collected at the reproduc-
tion (R1) developmental stage (Moore et al, 1991). Samples
were immediately frozen in liquid nitrogen and kept at —=80°C
for storage, or were ground to powder in a freezer mill (SPEX
SamplePrep, Metuchen, NJ, USA) under liquid nitrogen for fur-
ther RNA isolation and analysis of lignin and soluble and wall-
bound phenolics.

Analysis of lignin, phenolic compounds and sugar release
efficiency

Cell wall residues (CWR) were prepared by sequentially extract-
ing tobacco stems and switchgrass whole tillers with chloro-
form/methanol (1 : 1), 100% methanol, 50% methanol, and
water (three times each). Fifteen milligrams of lyophilized sample
was used for lignin analysis. The acetyl bromide method was
employed to determine total lignin content, and thioacidolysis
followed by GC-MS was used to identify and quantify lignin-
derived monomers. Soluble phenolics were extracted from
30.0 mg freeze-dried tissue powder with 1.5 ml 50% methanol
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plus 1.5% acetic acid for 12 h at room temperature. One hun-
dred milligrams of extractive-free CWR were used for analysis of
esterified cell wall-bound phenolics using low-temperature alka-
line hydrolysis. Approx. 100 and 125 mg of CWR were used for
determination of total sugar release and enzymatic saccharifica-
tion without acid pretreatment, respectively. Full details of all
analytical methods have been described previously (Shen ez al,
2009a).

RNA isolation and quantitative reverse transcription
polymerase chain reaction (QRT-PCR)

Total RNA was isolated with an RNeasy Mini Kit (Qiagen).
RNA quality was analyzed with an Agilent 2100 Bioanalyzer
(Agilent Technologies, Inc., Santa Clara, CA, USA). Two micro-
grams (tobacco) and 3 g (switchgrass) of total RNA were treated
with DNase (Applied Biosystems, Ambion, Austin, TX, USA)
for 1 h to remove genomic DNA contamination and then used
for reverse transcription with SuperScript® III Reverse Transcriptase
(Invitrogen) according to the manufacturer’s protocol. The
c¢DNA samples were diluted 20-fold and 2 pl diluted cDNA
samples were used as the qRT-PCR templates. qRT-PCR and
data analysis were as described previously (Karlen ez al., 2007;
Shen er al., 2009a). Primer pairs used for qRT-PCR are listed in
Table S1.

Transcriptional repression and domain mapping in yeast

The pYES2 (Invitrogen) and pGBT-9 (Clontech Laboratories,
Mountain View, CA, USA) vectors were used to construct the
effector plasmids for transcriptional repression activity and motif
mapping assays, respectively. The pLacZi-based vectors (3AC-I
and 3AC-II) were a gift from Dr Malcolm Campbell (Univer-
sity of Toronto) (Patzlaff ez al, 2003). The six GAL4 DNA-
binding motif was cloned from Addgene plasmid 14590 (Zhang
et al., 2003) and inserted into pLacZi vector in front of the
Mini-pCYCI promoter. The VP16 motif was cloned from Add-
gene plasmid 14594 (Kurosu & Peterlin, 2004) into pGBT-9
vector to fuse with the GAL4 binding domain and PvMYB4 C-
terminal deletions. The reporter plasmids were first integrated
into the genome of yeast strain YM4721 purchased from ATCC
(American Type Culture Collection, Manassas, VA, USA) as
described by Rose e al. (1990) to make the reporter strains.
Approx. 1 g of effector plasmid was transformed into the yeast
reporter strains with the EZ-Yeast Transformation Kit (MP
Biomedicals, Solon, OH, USA). B-Galactosidase assays were
performed as described in the yeast protocols handbook
(Clontech).

In situ hybridization

Primers spanning 757 bp of the PvMYB4 open reading frame
were designed using PrimerQuest (http://www.idtdna.com/
Scitools/Applications/Primerquest/). After the cDNA template
was obtained, separate reactions were performed for making the
sense and antisense probes. The T7 promoter sequence was
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added in front of the reverse primer and the PCR reaction was
conducted with the forward primers without T7 to make an anti-
sense probe. In the same way, T7 promoter was added to the
front of the forward primer in combination with the reverse pri-
mer without T7 to make the sense control probe. The specific
primers used for PuMYB4 are listed in Table S1. The probe was
synthesized by in vitro transcription with a MAXIscript Kit
(AM1308-AM1326) with 0.4-0.6 pug of template DNA
obtained as described earlier. Digoxigenin-11-uridine-5"-triphos-
phate (DIG-11-UTP; Roche) was used for the labeling. The
quality and quantity of the probes were checked with a Bioana-
lyzer.

The tissue preparation including fixation, dehydration, and
paraffin embedding were as described previously (Jackson, 1991).
In brief, the switchgrass stem sections were rehydrated with an
ethanol to water series after the paraffin had been removed by
two 10 min incubations in Histo-clear (National Diagnostics
Inc., Charlotte, NC). After brief equilibration in 0.1 M trietha-
nolamine, the tissue was acetylated with 0.25% acetic anhydride
in 0.1 M triethanolamine for 10 min. Sections were then washed
twice with 1X PBS buffer for 5 min before and after triethanol-
amine treatment. Prehybridization, in situ hybridization and
imaging methods were as described previously (Zhou er al,
2010).

Dual luciferase assay

Arabidopsis protoplasts were isolated according to a previously
published protocol with minor modifications (Sheen, 2001; Asai
et al., 2002). In brief, leaves from healthy 30-d-old Arabidopsis
were cut into 0.5-1 mm strips with fresh razor blades. The leaf
strips were put into an enzyme solution composed of cellulase
and macroenzyme, vacuum-infiltrated for 20 min and then
digested for 3 h without shaking in the dark. After filtration, the
protoplasts were collected and transformed by polyethylene
glycol transfection. To make the effector constructs, coding
sequences of PvMYB4 were inserted after the 35S promoter of
the Gateway overexpression vector P2GW7 (http://gateway.
psb.ugent.be/). Reporter constructs were prepared as reported
(Wang et al., 2010). Promoter activities were represented by
Firefly Luciferase (LU)C/Renilla LUC activities, and normalized
to the value obtained from protoplasts transformed with empty
vector.

Cell imaging and histochemical staining

Switchgrass internode samples and tobacco leaf petioles were
collected in the glasshouse and immediately frozen in liquid nitro-
gen. These samples were then cut with a Leica CM 1850 cryostat
(Leica Microsystems Inc., Buffalo Grove, IL, USA) at —20°C and
prepared for microscopy as described previously (Nakashima
et al., 2008). Phloroglucinol-HCI staining and Miule staining
were carried out as previously described (Fu ez al., 2011). Ultravi-
olet absorption microspectrophotometry was performed as
previously described (Nakashima ez al., 2008). Photographs were
taken using a Nikon DXM 1200 color camera attached to a
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Nikon microphot-FX microscope system with ACT-1 software
(Nikon Instruments Inc., Laguna Hills, CA, USA). Tobacco leaf
infiltration was performed as described previously (Sparkes ez al,
2006). Imaging of GFP fluorescence by confocal microscopy was
performed as described previously (Wang ez al., 2008).

Tissue culture and transformation

Tobacco (Nicotiana tabacum cv Xanthi NN) was transformed by
the leaf-disc method (Horsch ez al, 1985). Leaf discs from a
tobacco plant grown in a Magenta box were incubated with
Agrobacterium tumefaciens (AGL1) harboring the MYB construct
for 20 min. The leaf discs were then blotted dry on filter paper
and plated on co-cultivation medium for 4 days’ co-cultivation
in the dark. Leaf discs were transferred to regeneration medium
after co-cultivation. Leaf discs were subcultured every 2 wk in
regeneration medium until plant regeneration. Transgenic plants
were maintained in the glasshouse for analysis.

Agrobacterium-mediated switchgrass transformation was per-
formed based on a previously published protocol (Xi ez al,
2009). The pANIC vector was used for switchgrass transforma-
tion (Mann ez al., 2011). Briefly, the binary vector contained the
attRI-CmR-ccdB-attR2  Gateway-compatible cassette cloned
downstream under the control of the ZmUbil promoter.
The PvMYB4 coding sequence was cloned into the
pCR8/GW/TOPO backbone, sequence-verified, and recom-
bined into the expression vector using Gateway® LR Clonase® II
enzyme mix (Invitrogen). The switchgrass ST2 line was used for
stable transformation. The ST2 line was specifically selected for
its high tissue culture response and provided by Dr Zeng-Yu
Wang, Noble Foundation. Since the ST2 line is vegetatively
propagated by tillers, all the lines are in the same genetic back-
ground, an important point for a highly heterozygous outcrossing
species.

Electrophoretic mobility shift assays

PvMYB4a was cloned into the pDEST17 expression vector by
the Gateway cloning method (Invitrogen). After sequencing, the
plasmid was transformed into BL21 DE3 Escherichia coli compe-
tent cells. Isopropyl B-D-1-thiogalactopyranoside (IPTG) was
added to induce expression of PvMYB4. The recombinant pro-
tein was purified with the MagneHis™ Protein Purification Sys-
tem (Promega) then concentrated with an Amicon Ultra-15
Centrifugal Filter (Millipore) by washing with Tris buffer
(20 mM Tris-HCI, pH 7.5, 100 mM NaCl, 1 mM EDTA and
10 mM B-mercaptoethanol (B-ME)) to remove carried-over HE-
PES buffer and imidazole. Approx. 700-1000 ng of purified
PvMYB4 protein was used for electrophoretic mobility shift assay
(EMSA) in each reaction. The probes were labeled by annealing
biotin-labeled olignucleotides. Oligonucleotides used for EMSA
are listed in Table S1. Binding conditions were 12 mM Tris—
HCI (pH 7.5), 20 mM NaCl, 50 mM KCI, 2.5 mM MgCl,,
1 mM DL-dithiothreitol (DTT), 0.2 mM EDTA, 2.5%
glycerol, 1 mM B-ME, 0.05% NP-40 and 2 fmol biotin-labeled
probes. The samples were loaded and run in a 6% DNA
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retardant gel (Invitrogen) in the cold room after the reactions had
been incubated at 4°C for 30 min. The DNA was transferred
onto nylon membranes and signal detected with a LightShift®
Chemiluminescent EMSA Kit (Thermo Fisher Scientific Inc.,
Rockford, IL, USA) using standard protocols.

Statistical analysis

Different letters on the bars of figures indicate significant differ-
ences of values at the P < 0.05 level. The multiple comparison
was done by Duncan grouping with SAS software (SAS Institute
Inc., Cary, NC, USA). Asterisks on top bars indicate values that
were determined by the Student’s #test (Microsoft Office Excel
2007) to be significantly different from the wild-type or its
equivalent control (£ < 0.05).

Results

Switchgrass PvMYB4 belongs to the R2-R3 MYB
subfamily 4

To clone orthologs of the MYB subfamily 4 genes in switchgrass,
we used the AtMYB4 amino acid sequence to blast against the
switchgrass expressed sequence tag (EST) database (Tobias ez al,
2005). After identifying the most homologous gene sequence, we
designed the primer pairs HS010 and HS011 (Table S1) to clone
the open reading frame (ORF) from switchgrass (cv Alamo) using
RT-PCR. An 836 bp full-length ¢cDNA was cloned into the
pENTR_D topo vector for sequencing. The sequence alignment
of PvMYB4 with other MYB subfamily 4 members shows that
PvMYB4 has a highly conserved R2-R3 domain at the N-
terminal region, while the C-terminal domain is more divergent,
both in sequence and in length (Fig. 1a). However, three typical
protein motifs of the MYB subgroup 4 were identified at the
C-terminal; ‘LlsrtGIDPxT/SHRxI/L’, ‘pdLNLD/ELxiG/S” and
‘CX;,CX5_1,CX,C (Stracke et al., 2001; Fornalé et al., 20006).
We also identified a ‘FLGLX,_,V/LLD/GE/YR/SX,LEMK’
motif using the ClustalW sequence alignment tool (http://
www.ebi.ac.uk/Tools/msa/clustalw2/) (Fig. 1a). These motifs
were termed as the Cl, C2, Zf and C4 motifs, respectively
(Fig. 1b; Legay ez al., 2007).

We performed a phylogenetic analysis using the PhyML
method and tools available at Phylogeny.fr:  (http:/[www.
phylogeny.fr/) to identify the most closely related R2R3-MYB
factors within the subfamily 4 group (Dereeper et al., 2008).
Phylogenetic analysis also shows that PYMYB4 is more closely
related to ZmMYB42, ZmMYB38 and ZmMYB31 than to the
well-known dicot phenylpropanoid/lignin biosynthesis repressors
such as AmMYB308, AtMYB4, and AtMYB32 (Fig. 1c¢).

Sequencing of the PvMYB4 clones indicated the presence of at
least five gene variants, namely PvMYB4a, 4b, 4c, 4d and 4e, in
the tetraploid out-crossing switchgrass genome (Fig. S2). A
similar phenomenon has been reported for the switchgrass lignin
biosynthesis gene PvCCRI (Escamilla-Trevino ez al., 2009). All
the constructs used in the present work were made based on the
PvMYB4a sequence.
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Fig. 1 PvMYB4 belongs to the R2R3-MYB subfamily 4. (a) ClustalW alignment of the amino acid sequences of PvMYB4 and other R2R3-MYB subfamily 4
proteins. The R2, R3 MYB domains are underlined. The boxed sequences are the potential functional motifs. (b) Structure of PvMYB4 protein domains and
motifs. The boxed sequences are the potential functional motifs. Different types of lines indicate different motifs as shown in (b). PPI, protein—protein inter-
action motif for interaction with bHLH protein; C1, C2, Zf and C4, C-terminal motifs. Accession numbers for subgroup four sequences: PvMYB4a
(JF299185), PvMYB4b (JF299186), PvMYB4c (JF299187), PvMYB4d (JF299188), PvMYB4e (JF299189), AtMYB32 (NM_119665), EgMYB1 (CAE09058),
AmMYB308 (JQ0960), AtMYB4 (AY519615), AmMYB330 (JQ0957), ZmMYB42 (CAJ42204) and ZmMYB31 (CAJ42202). (c) Phylogenetic analysis of
PvMYB4 with other subfamily 4 protein sequences by Phylogeny.fr program (http://www.phylogeny.fr/). PvMYB4a—e refers to different gene variants as

shown in Supporting Information, Fig. S2.
PvMYB4 is expressed in the vascular bundles of switchgrass

To test the tissue-specific expression pattern of PvMYB4 in
switchgrass, we isolated total RNA from different tissues at the
R1 developmental stage and performed qRT-PCR analysis
(Moore et al., 1991; Sarath ez al., 2007). The PvMYB4 gene was
expressed in all the tissues tested, with highest expression in leaf
and leaf sheath (Fig. 2a). /n-situ hybridization analysis of young
stem tissue sections indicated that PoMYB4 is expressed through-
out the stem, including the parenchyma cells, vascular tissues and
epidermis. The highest expression level appeared to be in vascular
bundles (Fig. 2b). To test whether PvMYB4 is localized to the
nucleus, we performed infiltration assays of tobacco epidermal
cells with a construct for expression of a PvMYB4: eGFP fusion
protein. GFP fluorescence was shown to localize to the nucleus

by confocal microscopy (Fig. 2c¢).

PvMYB4 is a transcriptional repressor and binds to the AC
elements in the genes involved in the lignin biosynthesis
pathway

We tested for transcriptional repression activity using a dual
Luciféerase reporter assay in Arabidopsis protoplasts. When

© 2011 The Authors
New Phytologist © 2011 New Phytologist Trust

PvMYB4 was co-expressed with the Arabidopsis PAL4 or Arabid-
opsis CCoAOMT (caffeoyl CoA 3- O-methyltransferase) promoters
driving a Luciferase reporter gene, Luciferase expression was
repressed by almost 80-90% compared with the values obtained
from these lignin pathway promoters in the absence of PvMYB4
expression (Fig. 3a). Several R2-R3 MYB proteins from
subfamily 4 have been reported to bind the AC elements in mono-
lignol pathway gene promoters (Romero ez al., 1998; Legay et al.,
2007; Zhao et al., 2007). Use of EMSA led to the conclusion that
these proteins might bind to ‘GKTWGGTR’ elements in vitro
(Romero et al, 1998). The reverse complement sequence of
‘GKTWGGTR’ is YACCWAMC’ with Y as T or C, W as T or
A, and M as A or C. The possible elements can therefore be desig-
nated as “T/CACCT/AAA/CC’. AtMYB4 can bind to the AC-1
(ACCTACC), AC-II (ACCAACC) and AC-III (ACCTAAC)
elements (Zhao et al., 2007). It also binds to the ‘ACCGCCC’
elements (MYB elements) found in its own promoter region
(Zhao et al., 2007). EgMYB1 binds to a region of the promoter of
the EgCAD (cinnamyl alcohol dehydrogenase) gene with the
sequence "TACCAAGACCCACCTACCGCATGTCGA’ con-
taining both the ‘ACCCACC’ and ‘ACCTACC’ elements (AC-)
(Legay et al., 2007).
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Fig. 2 Expression patterns of PvMYB4. (a) Quantitative reverse transcrip-
tion polymerase chain reaction (qQRT-PCR) analysis of tissue expression
pattern of PvMYB4 in switchgrass (Panicum virgatum). Different letters on
the bars of figures indicate significant differences at the P < 0.05 level as
tested by Duncan grouping with SAS software (SAS Institute Inc.). UBQ,
ubiquitin. (b) In situ hybridization of PvMYB4 in young stem sections. VT,
vascular tissue; P, parenchyma; E, epidermis. Bar, 500 pm. (c) Confocal
images of nuclear localization of PvMYB4:eGFP protein in tobacco
(Nicotiana tabacum) epidermal cells. Bars, 50 um (upper panel); 10 um
(lower panel).

To test whether PvMYB4 can bind to similar AC-rich
elements, three repeats of the AC-I, AC-II, AC-IIT and AC-IV
(a hypothetical AC-rich ‘ACCAAAC’) elements
(Fig. 3b) were cloned into the pLACZi vector immediately

element
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upstream of a pCYC1 minimal promoter driving the LacZ repor-
ter gene, for expression in yeast (Fig. 3c). Since PvMYB4 has
transcriptional repression activity, we cloned PvMYB4 as a fusion
with the GAL4 activation domain (AD) to generate a chimeric
effector (Fig. 3¢). If PvMYB4 binds to the test AC-rich elements,
it will block the expression of the LacZ reporter gene activated by
the GAL4 AD. A R2R3-MYB transcriptional activator PtMYB4
(Bomal eral, 2008) and a bZip transcription factor HY5
(ELONGATED HYPOCOTYL 5) (Oyama et al., 1997) were
used as positive and negative controls, respectively, along with
the vector control containing only the GAL4-AD (Figs 3, S3).
The positive control PtMYB4 increased the Jacz reporter gene
expression by ¢. 50-100-fold compared with the vector and nega-
tive controls, indicating that the system is functional in yeast
(Fig. S3). By contrast, PvMYB4 repressed the expression from
the three AC-I, AC-IT and AC-III elements fused to the Mini-
pCyC1 promoter driving the /acZ reporter gene by ¢. 37-82%
compared with the vector and negative control (HY5) under the
same conditions (Fig. 3d). However, PYMYB4 did not repress
transcription driven by the three AC-IV elements in yeast
(Fig. 3d), suggesting that it may not bind to the AC-IV element,
or may do so only at very low affinity.

PvMYB4 was cloned into the pDEST17 vector with a His
tag fusion at the N-terminal, and the purified protein from
E. coli extracts was shown to bind to the AC-I, AC-II, AC-III
and AC-IV elements in EMSA assays (Fig. 3e). Salmon sperm
DNA was added as a nonspecific competitor (200x); it could
not compete with the AC-I element but exhibited weak com-
petition activity with the AC-II and AC-II elements, and
stronger competition activity with the AC-IV element. The
results indicate that PvMYB4 has the highest binding affinity
to the AC-I element and the lowest affinity to the AC-IV ele-
ment Zn vitro, consistent with the results of the repression
activity assay in yeast (Fig. 3d).

It has been reported that the Cl motif (also called GIDP
motif) has putative activation activity (Matsui ez al., 2008) and
that C2 motifs in AtMYB4 function as the repression motifs (Jin
et al., 2000). To investigate the functions of the C-terminal
motifs in PvMYB4 in more detail, we fused different deletions of
PvMYB4 between the VP16 activation motif from herpes sim-
plex virus protein VP16 (Sadowski ez 4/, 1988) and the GAL4
binding domain (Fig. 3f). The reporter construct was made by
placing six GAL4 binding motifs in front of the pCYC1 minimal
promoter driving the LacZ reporter gene. After expression of
reporter and effector constructs in yeast, f-galactosidase assays
indicated that the C2 and C4 motifs all have transcriptional
repression activities, because the deletion of these motifs restored
the transcriptional activation effects contributed to PvMYB4 by
the VP16 activation motif. When the C1 motf was further
deleted, the transcriptional activation was reduced slightly, con-
sistent with a previous suggestion of transcriptional activation
activity for the C1 motif (Matsui ez 4/, 2008). By contrast, the
Zf modf (Fig. 1b) did not appear to have repression activity
(Fig. 3g).

A region with a high percentage of proline (P) and glutamate
(Q) residues is located between the C1 and C2 motifs of

© 2011 The Authors
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Fig. 3 PvMYB4 is a transcriptional repressor and binds to AC elements. (a) Dual luciferase (LUC) assay of 355:PvMYB4 effector with firefly luciferase
reporter constructs in Arabidopsis thaliana protoplasts. CK, vector control plasmid was used as effector; MYB, 355:PvMYB4 plasmid was used as effector.
(b) Synthetic AC elements tested in electrophoretic mobility shift assay (EMSA) and yeast assays. (c) Effector and reporter plasmids for testing the binding
of PvMYB4 to AC elements in yeast. The transcription factor HY5 was used as negative control. (d) B-Galactosidase assays for lacZ expression driven by
PvMYB4 binding to AC elements in yeast. AC(1,2,3,4)-AD, AC(1,2,3,4)-Pv and AC(1,2,3,4)-HY are the reporters containing three consecutive copies of
the AC 1, II, 111, or IV elements fused to the pCYC1 minimal promoter and /acZ with either GAL4AD, GAL4AD-PvMYB4 or GAL4AD-HY5 as effectors. Data
are means = SE (n = 4). (e) EMSAs of PvMYB4 with AC elements. Free, free probe; bound, shifted band. Salmon sperm DNA (200x) was used as non-
specific competitor. (f) Effector and reporter constructs for testing the PvMYB4 repression motif in yeast. GBD, GAL4 DNA binding domain; VP16,
activation motif of the VP16 protein; GALBs, GAL4 protein binding sites. (g) p-Galactosidase assays showing activation of lacZ expression from the
reporter 6GALBs-LacZ by the effectors with different PvMYB4 C-terminal deletions shown in Fig. 3(f). Data were normalized to the vector control pGBT-9,
and are means + SE (n = 4). Asterisks on top of the bars in (a) and (d) indicate values that were determined by Student's ¢-test to be significantly different
from their equivalent control (P < 0.05).
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PvMYB4, and most of the sequence variations were found in this
area (Figs 1b, S2a). It has been reported that P-Q-rich and
acidic-blob-type regions are associated with transcriptional acti-
vation domains (Ruden ez al., 1991). To test this hypothesis, we
created a fusion of the PQ motif (green box, Fig. S2) with the
GALA4 binding domain as an effector plasmid, and expressed it in
yeast with the 6GAL4-Mini-pCYCI: lacZ reporter construct; no
transcriptional detected
(Fig. S4), indicating that the P-Q-rich region has no transcrip-
tional activation activity.

activation of P-galactosidase was

Expression of PvMYB4 in transgenic tobacco

To investigate the biological activity of PvMYB4 i vivo, we first
overexpressed the gene under the control of the constitutive 35S
promoter in tobacco. Several independent lines, such as #6, #9 and
#16, showed high expression of PvMYB4 transcripts (Fig. 4a).
Overexpression of PvMYB4 gave rise to the same phenotypes as
observed previously for AmMYB308 and AtMYB4 in transgenic
tobacco (Tamagnone ez al, 1998; Jin et al., 2000), namely a
reduction in plant stature and appearance of numerous whitish

(a)

NtUBQ
1 2 3 4 56

®) MYB-0X6-ck
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wT MYB-OX6-ck
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lesions on the mature leaves (Fig. 4b). The latter phenotype has
been linked to reduced concentrations of hydroxycinnamic acid
derivatives (Elkind ez a/., 1990; Tamagnone ez al., 1998).

The most abundant soluble phenolic compound in methanolic
extracts of tobacco stems is chlorogenic acid (CGA, Rt
14.87 min), which exists with a minor isomer (Rt = 14.37 min)
(Fig. 5a). Overexpression of PvMYB4 in tobacco caused an
approx. 80% reduction in soluble CGA concentrations (Figs 5a,
S5a). The most abundant ester-linked wall-bound phenolic com-
pounds released from low-temperature hydrolysis of tobacco
stem cell walls are vanillin (Rt = 19.63), syringyl aldehyde (Rt =

22.59) and p-coumaric acid (p-CA, Rt = 23.78). Overexpression
of PvMYB4 significantly reduced the content of vanillin and p-
CA compared with the wild-type, but syringyl aldehyde concen-
trations were not significantly changed (Figs 5b, S5b).

The lignin contentand composition of PYMYB4-OX transgenic
tobacco plants were also significantly changed. Leaf petiole sec-
tions of PvMYB4-OX plants showed reduced staining with
phloroglucinol-HCI (Fig. S5¢), suggesting an overall reduced con-
centration of lignin, confirmed by the reduction in acetyl bromide
lignin content (Fig. 5¢). Miule staining showed a decrease in the

7 8 9 10 11 12 13 14 15 16 17 18 19 20 C1 C10

MYB-0X6

Fig. 4 Transgenic tobacco (Nicotiana tabacum) plants
overexpressing PvMYB4 show reduced growth and lesion
mimic phenotypes. (a) Semiquantitative reverse
transcription polymerase chain reaction analysis of
PvMYB4-OX transgenic tobacco plants. NtUBQ was

used as reference gene.(b) Growth and leaf lesion
phenotypes of PvMYB4-OX6 transgenic tobacco plants.
MYB-OX6-ck indicates the T1 null-segregating line.
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Fig. 5 Overexpression of PvMYB4 alters phenylpropanoid metabolism in transgenic tobacco (Nicotiana tabacum) plants. (a, b) Typical high-performance liquid
chromatography (HPLC) chromatograms of methanol/water-soluble fractions (a) and ester-linked wall-bound phenolics from stems of wild-type (CK) and
PvMYB4-ox tobacco lines (b). CK, solid line; MYB-OX, dashed line. The major soluble phenolic compound is chlorogenic acid (Rt = 14.87 min). Wall-bound
ester-linked phenolic compounds: vanillin (Rt = 19.63); syringyl aldehyde (Rt = 22.59); p-coumaric acid (p-CA, Rt = 23.78) and ferulic acid (FA, Rt = 27.14). 1S,
internal standard (c) AcBr lignin content of stems of CK and PvMYB4-ox transgenic tobacco. MYB-OX-ck indicates the T1 null-segregating line. (d) Lignin compo-
sition of stems of CK and PvMYB4-ox transgenic tobacco as determined by thioacidolysis. S, syringyl unit (open bars); G, guaiacy! unit (gray bars). (e) S : G ratio
(from thioacidolysis) of stems of CK and PvMYB4-ox transgenic tobacco. CWR, cell wall residue. All data are means + SE (n = 6). Asterisks on top of the bars indi-
cate values that were determined by the Student's t-test to be significantly different from their equivalent control (P < 0.05).

red coloration of the xylem vessels, consistent with a reduction in S
lignin as was confirmed by thioacidolysis analysis of lignin mono-
mer yield (Fig. 5d). The latter indicated a reduction in lignin con-
tent of from 40 to 60% in the PvMYB4-OX overexpressing lines
compared with controls (Fig. 5d). However, overall the G units
were reduced more than the S units, leading to an increased S : G
ratio in the MYB4 overexpressors (Fig. Se).

Overexpression of PvMYB4 in switchgrass
To generate switchgrass PvMYB4-OX lines, the full-length
PvMYB4a ORF was cloned into a binary vector (pANIC vector,

© 2011 The Authors
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Mann ez al., 2011) fused with an AcV5 epitope tag (Monsma &
Blissard, 1995) at the C-terminal and driven by the maize ZmUbi
promoter. The hygromycin B (hph) resistance gene was used as a
selectable marker for transformation (Fig. S6a). Embryonic callus
generated from immature inflorescences of switchgrass cv Alamo
line ST2 was transformed by Agrobacterium-mediated transfor-
mation. The transformation process, based on modifications of
previously published protocols (Somleva ez al., 2002; Xi ez al.,
2009), is illustrated in Fig. 6(a).

Genomic DNA PCR analysis showed that transgenic lines 2A
and 2B could serve as appropriate controls because only the
hygromycin B resistance gene portion of the T-DNA was

New Phytologist (2012) 193: 121-136
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integrated into the genome, and the lines were phenotypically
indistinguishable from untransformed ST2 lines. (Fig. S6b).

To confirm overexpression of the PvMYB4 gene in the trans-
genic plants, two primer pairs, HS543 and HS544, which cover the
PvMYB4 ORF and AcV5 tag sequence, were used for gqRT-PCR
analysis (Table S1). The selected PvMYB4-OX lines exhibited a
10-12-fold increase in PoMYB4 expression (Fig. 6b). The HS360
and HS361 primer pairs were designed from the 3’-UTR region of
the PvMYB4 sequence to determine expression of the endogenous
PuMYB4 genes in switchgrass (Fig. S6¢). The endogenous
PvMYB4 gene was repressed in the transgenic plants, indicating a
similar self-repression feedback regulatory network as described for
AtMYB4in Arabidopsis(Zhao et al.,2007) (Fig. S6¢).

Overexpression of PvMYB4 in switchgrass had dramatic effects
on plant morphology. The PvMYB4-OX transgenic plants
showed a reduction in plant height (by ¢. 40% on average) but
more tillers (up to a 2.5-fold increase) (Fig. 7a,b). By contrast to
the PvMYB4-OX tobacco plants, no white lesions were observed
on the leaves.

PvMYB4 overexpression reduces lignin content, alters cell
wall phenolic content, and reduces recalcitrance in trans-
genic switchgrass

The lignin content in the middle parts of the different internodes
of E4 stage stems of PvMYB4-OX and control switchgrass plants

New Phytologist (2012) 193: 121-136
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Fig. 6 Overexpression of PvMYB4 in transgenic
switchgrass (Panicum virgatum). (a) Representative
pictures of the switchgrass transformation procedure.
a1, embryonic callus used for transformation; a2, trans-
formed callus on selection medium; a3, regenerated
seedlings on regeneration medium; a4, regenerated
seedling on rooting medium; a5, regenerated PvMYB4-
OX plants in the glasshouse. (b) Quantitative reverse
transcription polymerase chain reaction (qQRT-PCR)
analysis of PvMYB4 transcripts in control and PvMYB4-
OX transgenic switchgrass. Data are means + SE (n = 3).
UBQ, ubiquitin.

were first evaluated by staining with phloroglucinol-HCI and
Miule reagent. Clearly, total lignin content (phloroglucinol-HCI
staining, red color) and S lignin (Miule staining, reddish-brown
color) were reduced in the stems of the transgenic plants, espe-
cially the mature I1 and I2 internodes (Fig. 7¢). Furthermore,
although the structure of the vascular bundles remained the same,
their size was significantly reduced in the transgenic plants based
on the measurement of vascular bundles from internode 2
(Figs 7c, S8a). We also found that the tillers of PvMYB4-OX
lines were thinner than those of the controls (Fig. S8b).

Total lignin content in whole stems of E4 stage plants was
reduced by ¢. 40-50% (determined as AcBr lignin) or 60-70%
(determined by thioacidolysis) as a result of overexpression of
PvMYB4 (Fig. 8a,b). However, in contrast to the PvMYB4-OX
tobacco lines, the S : G ratio remains unchanged (Fig. S7). The
ester-linked p-CA : FA ratio was reduced by ¢. 50% compared
with the control lines (Fig. 8d) and this was mainly caused by the
significant reduction of the ester-linked p-CA content in the cell
wall residue (Fig. 8¢). Since both the lignin content and the
ester-linked p-CA : FA ratio are reduced in the PvMYB4-OX
transgenic switchgrass lines, we predicted that these lines would
exhibit significantly higher saccharification efficiency than the
control lines based on our previous observations of natural varia-
tion (Shen ez al., 2009a). To test this, we measured sugar release
from CWR by enzymatic saccharification without acid pretreat-
ment. The total sugar released from the PYMYB4-OX transgenic

© 2011 The Authors
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Fig. 7 PvMYB4-OX transgenic switchgrass (Panicum virgatum) has reduced lignin and altered growth morphology.(a) Visible phenotypes of control (2A)
and PvMYB4-OX transgenic switchgrass (1A, C). The overexpressing lines have reduced stature but increased tillering. (b) Plant height (blue bars) and tiller
number (red bars) for control and PvMYB4-OX transgenic switchgrass. Data are means + SE (n > 4). The letters indicates significant differences at the

P < 0.05 level. (c) Phloroglucinol-HCl staining (lower panel) and Méule staining (upper panel) of cross-sections of different internodes of PvMYB4-OX
transgenic switchgrass. 11-14, internode 1 (lower) to internode 4 (upper) of E4 tillers (Shen et al., 2009a); VT, vascular tissue; P, parenchyma, E, epidermis;
If, interfascicular fiber. All the pictures were taken at 100x magnification. Bars, 100 pm.

switchgrass lines as a function of total available cell wall sugar
content was approx. threefold higher from the PvMYB4 over-
expressing lines than from the controls (Fig. 8e,f). We also esti-
mated the dry biomass production under glasshouse conditions;
the transgenic PvMYB4-OX lines had less (1A and 1B lines),
similar (Iine 1C and 1E lines) or ¢. 20% increased (line 1D) bio-
mass depending on the line (Fig. S9).

© 2011 The Authors
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Downstream target genes of PvMYB4

Given that PvMYB4 represses phenylpropanoid metabolism
and lignin content in both switchgrass and tobacco, and
represses  transcription  of the  Arabidopsis PAL4 and
CCoAOMT7 promoters in vitro, we used the transgenic
PvMYB4-OX lines to gain a broader picture of the downstream

New Phytologist (2012) 193: 121-136
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Fig. 8 Overexpression of PvMYB4 alters phenylpropanoid metabolism in transgenic switchgrass (Panicum virgatum) plants. (a) AcBr lignin content of
whole E4 stems. (b) Lignin composition determined by thioacidolysis. (c) The content of ester-linked p-coumaric acid (p-CA, closed bars) and ferulic acid
(FA, open bars) in switchgrass stems. CWR, cell wall residue. (d) p-CA : FA ratios of the ester-linked wall-bound phenolics. (e) Total monosaccharide
released (closed bars) from cell wall residues and monosaccharide released from enzymatic saccharification without acid pretreatment (open bars). (f) Sugar
release efficiency of enzymatic saccharification without acid pretreatment. Data are means + SE (n = 3).

gene targets within the phenylpropanoid and monolignol bio-
synthesis pathways.

Total RNA was extracted from the leaves of tobacco lines and
young seedlings of switchgrass lines. First-strand cDNA was syn-
thesized and qRT-PCR primer pairs (Table S1) were designed
for each of the genes encoding the enzymes of phenylpropanoid
and monolignol biosynthesis. In the transgenic control lines,
F5H (ferulate 5-hydroxylase), CCoAOMT and HCT (hydroxycin-
namoyl CoA: shikimate hydroxycinnamoyl transferase) genes
showed overall lower transcript abundance than other genes
(Fig. 9a,b). The transcript abundance of PAL, C4H, C3'H (cou-
maroyl shikimate 3 -hydroxylase), 4CL (4-coumarate: CoA ligase),
COMT (caffeic acid 3-O-methyltransferase), CCR (cinnamoyl CoA
reductase) and CAD genes was reduced by at least 70% in the
PvMYB4-OX tobacco lines and 50% in the switchgrass lines
(Fig. 9a,b). Because of potential cross-talk and/or spillover
between lignin and flavonoid pathways in plants down-regulated
in lignin biosynthesis (Besseau ez al, 2007), we also analyzed
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genes involved in flavonoid biosynthesis (chalcone synthase,
chalcone isomerase and flavonol synthase); none of these was
affected by overexpression of PvMYB4 (Fig. S10). Combining
the results from biochemical and target gene expression analyses,
we conclude that PvMYB4 functions as a repressor of the
phenylpropanoid and lignin pathways.

Discussion

PvMYB4 is a lignin biosynthetic pathway repressor

R2R3-MYB4 subfamily 4 members have been shown to function
as repressors of lignin biosynthesis in several species (Tamagnone
et al., 1998; Jin et al., 2000; Fornalé er al., 2006, 2010; Legay
et al., 2007; Zhao & Dixon, 2011). The PvMYB4 gene is
expressed in all tissues of switchgrass including the roots, stems,
leaves, leaf sheaths and inflorescences at the R1 development
stages. In situ hybridization of young stem sections showed that

© 2011 The Authors
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Fig. 9 Identification of genes down-regulated by PvMYB4 in tobacco
(Nicotiana tabacum) and switchgrass (Panicum virgatum). (a) Quantita-
tive reverse transcription polymerase chain reaction (qRT-PCR) analysis of
the expression levels of lignin synthetic genes in PvMYB4-OX transgenic
tobacco (closed bars). (b) qRT-PCR analysis of the expression levels of
lignin synthetic genes in PvMYB4-OX transgenic switchgrass (closed bars).
The CK value (open bars) represents the combined/average result from
both control (2A and 2B) lines. PAL, phenylalanine ammonia-lyase; C4H,
coumaroyl shikimate 4-hydroxylase; C3H, coumaroyl shikimate 3-
hydroxylase; COMT, caffeic acid 3-O-methyltransferase; F5H, ferulate
5-hydroxylase; 4CL, 4-coumarate: CoA ligase; CCOMT, caffeoyl CoA 3-
O-methyltransferase; CCR, cinnamoyl CoA reductase; CAD, cinnamyl
alcohol dehydrogenase; HCT, hydroxycinnamoyl CoA: shikimate
hydroxycinnamoyl transferase. UBQ, ubiquitin.

PvMYB4 is highly expressed in the vascular bundles, consistent
with its binding activity for the xylem expression-associated AC
elements. The strong expression level of PvMYB4 in the vascular
bundles and parenchyma cells at earlier developmental stages is
consistent with lower degrees of lignification in young compared
with mature stems.

Protein motif analysis showed that PvMYB4 has four conserved
motifs, C1, C2, Zf and C4, in the C-terminal regulatory region.
The C1 motif may function as an activation domain, confirming a
previous report (Matsui e# a/.,2008), and the C2 motif functions as
the repression domain, consistent with results from similar analysis
of AtMYBA4 (Jin ez al., 2000). The C4 motif also acts as a repression
motif although AmMMYB308, another lignin repressor, does not
have this motif. The coexistence of the activation and repression
motifs at the C-terminal of PvMYB4 reflects the complexity of the
protein structures and potential gene regulatory network. The
function of the Zf motif within the C-terminal regulatory region
remains unknown for the R2ZR3-MYB subfamily 4 proteins.

Five PuMYB4 gene variants were identified by EST cloning in
switchgrass. Allelic variation in a polyploid genome has been
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suggested as being responsible for heterosis (Springer & Stupar,
2007). The lignin biosynthetic gene PvCCR has at least four gene
variants (Escamilla-Trevino er 4/, 2009). These natural gene
variants provide a basis for molecular marker discovery. It will be
interesting to determine whether these variations in lignin path-
way synthetic and regulatory genes and alleles are linked to
recalcitrance phenotypes using marker-assisted approaches.

Overexpression of transcriptional repressors of the lignin syn-
thetic pathway reduces lignin content in a range of dicot plants
(Tamagnone ez al., 1998; Jin et al., 2000; Fornalé et al., 2000,
2010; Legay ez al., 2007). However, this reduction had not yet
been shown in monocots. The basal internodes of switchgrass
have high lignin content during development (Sarath ez al,
2007; Shen er al., 2009a). Chemical staining and wet chemistry
analysis of the stems of PvMYB4-OX transgenic plants showed
that lignin content was significantly reduced. The amounts of
both S and G subunits were reduced in both tobacco and switch-
grass overexpressing PYMYB4; the reduction in S and G units
was similar in switchgrass, whereas the greater reduction in G
units resulted in an increased S : G ratio in tobacco. Phylogenetic
analysis shows that P"MYB4 is closely related to ZmMYB42 and
ZmMYB31, and overexpression of ZmMYB42 in transgenic
Arabidopsis decreased S : G ratio through the relative enrichment
of H and G subunits and reduction of S subunits (Sonbol ez 4/,
2009). However, overexpression of ZmMYB31 in transgenic
Arabidopsis reduced lignin content but led to an increased
amount of H subunits with no effect on the S : G ratio (Fornalé
et al., 2010). Thus, qualitative regulation of monolignol compo-
sition by MYB repressors appears to be both repressor- and
species-specific, and not simply a result of whether the MYB gene
or target species is monocot or dicot.

Although all the phenylpropanoid/monoligol biosynthetic
genes were repressed by PvMYB4 in transgenic tobacco and
switchgrass, whether this effect is directly or indirectly regulated
through the binding of PvMYB4 to AC elements is not clear.
ZmMYB31 can bind directly to the ZmF5H gene promoter
region containing an ACllI-like element (tCCAACC), as shown
by quantitative reverse transcription chromatin immunoprecipi-
tation (qQRT-ChIP) assays in maize (Fornalé er 4/, 2010). The
potential presence of AC elements in (all) the switchgrass mono-
lignol pathway genes, and direct binding of PvMYB4 to these
putative elements, can be evaluated once the switchgrass genome
sequence becomes available.

Biotechnological applications of PvMYB4 for development
of switchgrass as a dedicated bioenergy crop

Bioenergy is commonly defined as the energy generated from
renewable biological products (such as plant biomass) and is
regarded as a clean and sustainable alternative to fossil sources of
energy due to the potential contribution to reduced carbon dioxide
emissions (McLaughlin ez al., 2002; McLaughlin & Adams Kszos,
2005; Williams ez al., 2009). Switchgrass feedstock is highly ligni-
fied plant biomass, and the high lignin content dramatically
increases the energy cost for releasing the polysaccharide compo-
nents from cell walls during biomass to biofuel conversion.
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The molecular, genomic and biotechnological resources for
switchgrass are limited but increasing exponentially (Tobias
et al., 2005, 2008; Okada ez /., 2010). Reliable genetic transfor-
mation of switchgrass using Agrobacterium-mediated methods
has recently been developed (Burris et a/., 2009; Xi et al., 2009),
paving the way for increased biotechnological applications for
biofuel and bioproduct improvements. For example, successful
engineering of a functional metabolic pathway for the production
of polyhydroxybutyrate (PHB) in transgenic switchgrass has been
reported (Somleva er al., 2008), suggesting that complex traits
can be engineered in this dedicated bioenergy crop. One obvious
strategy to overcome the cell wall recalcitrance of switchgrass bio-
mass is to reduce the lignin content (Hisano e# a/., 2009), based
on the effectiveness of this approach in alfalfa and other species
(Bell et al., 2004; Chen & Dixon, 2007). This has recently been
achieved in switchgrass through down-regulation of the monolig-
nol biosynthetic genes CAD (Saathoff ez al., 2011) and COMT
(Fu ez al., 2011), leading to increased sugar release and, in the
latter case, improved ethanol yield at lower cellulase loadings.

The present report describes an alternative strategy for reduc-
ing recalcitrance in switchgrass by manipulating the expression of
a key transcription factor. The lignin content, wall-bound ester-
linked p-CA content and p-CA : FA ratio were reduced in the
transgenic switchgrass, both features that could result in signifi-
cantly improved saccharification efficiency based on our previous
studies of natural variation in these cell wall parameters (Shen
et al., 2009a) and the phenotypes of the PvCOMT down-regu-
lated transgenic switchgrass (Fu eral, 2011). Indeed, the
PvMYB4-OX transgenic switchgrass lines have approx. threefold
increased saccharification efficiency compared with the control
lines. Down-regulation of lignin pathway genes can result in
negative growth impacts, possibly as a result of metabolic spill-
over (Besseau ez al., 2007; Li ez al., 2010; Gallego-Giraldo ez al.,
2011). The PvCOMT down-regulated switchgrass plants have a
normal growth phenotype under glasshouse conditions, whereas
the PvMYB4-OX plants have reduced stature but increased tiller-
ing. More detailed analysis of gene expression in these plants uti-
lizing the recently available switchgrass Affymetrix Gene Chip
may help explain the basis of this growth phenotype, which is
reminiscent of the reduced stature but increased branching
observed in alfalfa with down-regulated HCT expression (Gallego-
Giraldo et al, 2011). In these alfalfa plants, alterations in
cytokinin and gibberellin concentrations and/or signaling may
contribute to the phenotype (Gallego-Giraldo e al., 2011).

Based on an estimation of dry biomass production under
glasshouse conditions, some of the transgenic PvMYB4-OX lines
have similar (line 1C) or ¢. 20% increased (line 1D) biomass pro-
duction. Evaluation of these lines is therefore necessary under
field conditions, with the potential for selection of lines retaining
both improved biomass characteristics and good growth pheno-

types.
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