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ABSTRACT

Grass lignins are made of guaiacyl and syringyl units together with minor amounts of p-hydroxyphenyl units. The specific association of
p-coumaric (pCA) and ferulic (FA) acids to grass lignins has suspected important consequences on wall properties which are however,
poorly understood. Genetic variation for lignin content, lignin structure, and p-coumaric and ferulic acid contents has been shown in
normal maize, after an earlier description in brown-midrib (bm) mutants. QTL analyses for lignin-related traits have established that
nearly 40 genomic regions are involved in maize variation of lignin content. For most of these locations, no candidate genes have been
validated, or have been still defined. Whereas all steps of lignin biosynthesis have been presumably identified, little is known about the
number of gene members encoding each enzymatic step and the role of each member in organ, stage and/or tissue specificity. Moreover,
even if the lignin pathway has often been displayed as a metabolic grid, available results, especially in maize bm and genetically
engineered plants, suggest that the hydroxylation/methylation steps at the aromatic C-3 position have a key role in controlling the flux to
lignins. Recent studies of cell wall-related gene expression in young and silking maize plants also illustrated an unexpected diversity of
genes with differential expression profiles, especially in bm mutants. Breeding maize and other grasses for phenolic structures more
suitable for animal nutrition or energy production could now be considered a realistic goal by integrating new genomic-based knowledge
on maize lignification.
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INTRODUCTION Danthonioideae). The Maydeae tribe is, among Panicoide-

ae, the most recently diverging one. Rice, with 12 haploid

Nearly one third of the earth’s vegetative cover is domi-  chromosomes, is an ancestral form and reflects the genome
nated by grass (or Poaceae, monocotyledon) ecosystems  of the ancestral grass from which more elaborated grasses
(Jacobs et al. 1999). Grasslands and savannas, dominated  evolved. Divergence between rice and maize progenitors
by Poaceae and covering about 20% of earth’s landscape,  occurred 60 to 80 mya ago, rapidly after grass emergence
are a major source of nutrients for wild and domesticated  and earlier than divergence between rice and Pooideae
herbivores. Poaceae cereals dominate cultivated cropland  (Bennetzen and Freeling 1997; Gaut 2002). However, des-
and their grains supply most of the dietary energy needs of  pite the actual large diversity in species and growth habit,
people. Grains of cereals are also a major energy resource  plants of the grass family have well conserved genomes
for many classes of livestock, while straw of small grain  (Devos 2005), and are very likely of monophyletic origin.
cereals, including rice, is also used as low-cost forages of = Moreover, within grasses, Pooideae and Panicoideae are
lower feeding value. To date, both grains of cereals and  both monophyletic (Kellogg and Linder 1995; Linder and
their straw or stover are considered for bio-fuel production. Kellogg 1995). Only 19 linkage blocks (large chromosome
Lignification and the development of a vascular system  segments or whole rice chromosomes) are needed to recons-
have allowed plants to leave aquatic habitats and to acquire  truct all the grass chromosomes compared so far (Moore et
erect growth, even if the earliest vascular thickenings were  al. 1995). Maize is now considered as a segmental allotetra-
unlignified and if the cell wall lignification appeared in the = ploid originating from plants having 8 haploid chromo-
outer cortex of Devonian land plants, 400 million years  somes (Wilson ef al. 1999), with the maize genome estima-
(mya) ago, probably as a defense mechanism against patho-  ted to be equivalent to 1.5 rice genomes. Moreover, it has
gens (Boyce ef al. 2003). Lignins are important for the  been established that micro-colinearity is also conserved
structural integrity of stems and they contribute with cellu-  between grasses in most of cases, even if number of excep-
lose to the mechanical properties of these stems. Lignins  tions were also demonstrated (Bennetzen and Ramakrishna
also impart hydrophobicity to vascular elements allowing  2002; Feuillet and Keller 2002). The macro- and partial

water and nutriment transportation. However, vascular or-  micro-colinearity of grass genomes is thus an inescapable
ganizations are deeply different when comparing mono-  tool in the search of genes involved in pathways such as
cotyledons and dicotyledonous plants. The divergence bet-  those of lignification and/or cell wall biosynthesis.

ween monocotyledons and dicotyledonous plants is very Most studies related to histology, biochemistry, genetics

ancient and dated to 200 mya, while the first grasses, which  and genomics of lignification have been conducted in
were plants of forest margins, appeared nearly 70 mya, in ~ woody dicotyledonous or gymnosperm species. This focus
late Cretaceous or early Tertiary (Wolfe ef al. 1989; Heren-  is due to the major interest in reducing the cost and envi-
deen and Grane 1995; Jacobs ef al. 1999; Kellogg 2001). In  ronmental impact of removing lignin from woody plants
contrast to dicotyledonous plants, the vascular system of  during pulping for paper production. Plant lignification has
monocotyledons is characterized by the absence of bifacial  also been investigated, at a lower extent, in forage plants
cambium and secondary growth. In monocotyledons, ligni-  (forage grasses, alfalfa) due to a negative correlation bet-
fication proceeds from an intercalary meristem in each  ween lignin content and feeding value. Lignins are likely
internode, with vascular bundles scattered, penetrating radi-  the only cell wall component resistant to bacterial and fun-
ally and present in medulla and cortex. The monocotyledon  gal degradation in the gut or in industrial fermenters. More-
vascular system has been considered as having no homo-  over, their association with other matrix components greatly
logy with the dicotyledons vascular system, which could influences cell wall properties, including the degradability
not be considered as ancestral (Terashima and Fukushima  of structural polysaccharides (Monties 1991). The energy
1993; Tomlinson 1995). These vascular specific traits in  value of forage thus results from their more or less high
grasses can make it difficult to directly transfer data and  content in cell walls which have a limited and variable
knowledge related with tissue organization and patterning  digestibility by microorganisms in the rumen or/and in the
from dicotyledons and gymnosperms to grasses. However,  large intestine of cattle.

most of all results obtained in genetics and genomics of In addition to studies in woody or agronomic species,
lignification illustrated a large commonality of cell wall  genetics and genomics of lignification have been investiga-
carbohydrate and phenolic biosynthesis in plants. Based on  ted in model species such as Arabidopsis, zinnia, and tobac-
fossil plants studies, the evolution of lignified tracheids and  co. Only rare and scattered information is available concer-

vascular tissues might indeed involve the expression a pre-  ning lignification in rice or in the new model grass species
existing poly-phenolic pathway and its targeted deposition  Brachypodium distachyon. Most information devoted to
in different cell types (Boyce et al. 2003). grass lignification is based on maize which is both one of

Grasses mostly comprise two clades, with additionally  the most economically important crops and also a classical
three basal lineages (Anomochlooideae, Pharoideae and  model for plant research in genetics and genomics. In pub-
Puelioideae) which are actually represented by only 25 spe-  lic databases, more than 1 million of EST (Expressed Se-
cies (GPWG 2001; Kellogg 2001). The oldest diverging  quence Tags) and an increasing amount of genomic infor-
clade (BEP) is comprised of Bambusoideae, Ehrhartoideae  mation from almost 7000 BAC sequences are available for
(about 105 species, including rice) and Pooideae (about  maize. The current maize sequencing project should achieve
3300 species, including small grain cereal crops and tempe-  the objective of whole genome sequence availability by the
rate C3 forage grasses). The earlier diverging clade (PAC  end of the 2008, with a coverage rate of the physical map to
CAD) is comprised of Panicoideae (about 3250 species), the genetic map reaching 90% (www.maizegenome.org).
which are thought to have a Gondwanian origin (Clayton = Maize genomic approaches are also facilitated by well es-
1981; Arriaga 2000), and five others families (Arundinoi-  tablished transgenesis together with collection of tagged
deae, Centhothecoideae, Chloridoideae, Aristidoideae and  mutants which can be used for both reverse and forward ge-
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netics screening. Moreover, because maize is easy to cross-
and self-pollinate, numerous RIL progenies have been
developed, with a lot of publicly available information.
Complementarily, differences in lignification between
grasses and dicotyledonous plants are also a tool to discover
genes of specific importance in grasses. Mitchell and Shew-
ry (2007) thus used a bioinformatics comparison between
monocotyledons and dicotyledonous plants to identify
candidate genes involved in the synthesis and feruloylation
of arabinoxylans in grasses. Finally, understanding lignifi-
cation in grasses has a theoretical and scientific interest and
will contribute to the understanding of plant organization,
evolution and phylogeny. Understanding lignification has
also a practical interest, as the improvement of plant energy
value for cattle feeding and for bio-fuel yield are both fully
related to lignin quantity, monomeric composition and lin-
kages, and to the complex relationships between lignins and
cell wall carbohydrates.

BIOCHEMICAL CHARACTERISTICS OF THE
LIGNIFIED GRASS CELL WALL

The lignified grass cell wall is a composite material with
cellulose microfibrils, an amorphous matrix consisting of
hemicelluloses (mainly glucurono-arabinoxylans) with very
little pectins, and phenolics. Phenolics comprise lignins and
cell wall-linked p-hydroxycinnamates, p-coumaric and feru-
lic (along with its array of dehydrodimers) acid derivatives.
The participation of p-hydroxycinnamates in the cell wall
composition and organization of the mature lignified tissues
is certainly the most specific trait of grass lignification.
Another typical characteristic is the importance of acetyl
residues linked to xylan chains of glucurono-arabinoxylans.
Acetyl residues may account for 5.5% of the cell wall in
maize.

Lignin monomeric composition in grass cell walls

Grass lignins mostly comprise of guaiacyl (G) units, de-
rived from coniferyl alcohol, and syringyl (S) units, derived
from sinapyl alcohol, whereas p-hydroxyphenyl units (H),
derived from p-coumaryl alcohol, occur as a quantitatively
minor component. The H, G and S units of grass lignins are
interconnected through labile B-O-4 ether bonds, and
through a series of resistant carbon-carbon and biphenyl
ether linkages, referred to as the condensed bonds. Native
lignins of maize stalk yield thioacidolysis monomers ran-
ging between 600 and 800 pmoles per gram of lignins.
These values are three times lower than what was observed
in hardwood lignins (Table 1), despite a similar frequency
of S units in maize and hardwood lignins. Analysis of deg-
radation products following cleavage of ether linkages by
thioacidolysis has shown variable proportions of H, G, and
S units between grass species (Table 1 and Lapierre 1993).
The low, but significant, amount of H units in grass lignins
is a specific trait that contrasts with the trace amount reco-
vered from constitutive dicotyledonous lignins. The impact
of these minor H units on the properties of grass cell walls
should not be underestimated as they increase the frequency
of resistant inter-unit bonds (Cabane et al. 2004).

Grass lignins are also characterized by a high content in
free phenolic groups (Lapierre 1993). Up to 60% of native
maize lignins can be solubilized in alkali at room tempera-
ture. This massive solubilization of lignins is precluded by a
mild CH,N,-methylation of free phenolic groups. This unu-
sual behavior suggests that maize lignins are distributed in
the cell wall as small and alkali-leachable domains. These
domains have a high frequency in condensed bonds that
constitute branching points (biphenyl ether bonds) and in-
crease the abundance of terminal units with free phenolic
groups. The H units essentially occur as terminal and free
phenolic groups and their incorporation probably stops any
further growing of the polymer. This can be explained by
the high oxidation potential of H units which makes them
unreactive in phenolic coupling (Brunow et al. 1998).
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Table 1 Total yield and relative frequencies of the main monomers
released by thioacidolysis of native grass lignins of mature internodes
compared to herbaceous and woody dicotyledonous. H (p-Hydroxy-
phenyl), G (Guaiacyl), and S (Syringyl) are lignin units released after
thioacidolysis (Monomer yields are expressed as pmoles relative to the
Klason lignin content of the extractive-free sample, and H, G, and S are
given as percentage of monomeric units).

Klason Monomer H G S

lignin %  yield
Wheat straw 19.5 1190 4.6 43.2 52.2
Triticale straw 19.8 1610 3.0 42.0 55.0
Rye straw 18.8 1670 2.0 44.0 54.0
Maize stalk 14.8 930 2.3 37.4 60.3
Arabidopsis stem  17.3 1022 0.7 72.3 27.1
Tobacco stem 19.1 1868 0.3 51.7 48.1
Poplar wood 23.4 2310 0.3 36.7 63.0

p-Hydroxycinnamates and lignin monomeric unit
relationships in grass cell walls

pCA is mainly esterified to the y-position of the side chains
of S lignin units (Ralph et al. 1994; Grabber et al. 1996)
and lignified maize cell walls can contain up to 3% p-cou-
marate (Grabber et al. 2004). A small amount of pCA is es-
terified to hemicelluloses in immature tissues. However,
most p-coumarate accretion occurs in tandem with lignifi-
cation and p-coumarate accumulation is thus a relevant in-
dicator of lignin deposition, particularly of S units (Grabber
et al. 2004). Sinapyl alcohol, the precursor of S lignin units,
would be enzymatically pre-acylated with pCA acid prior to
their incorporation into lignin and sinapyl p-coumarate is
thus the presumed precursor incorporated into lignin (Lu
and Ralph 1999). In maize, 25 to 50% of lignin S units may
be acylated by pCA. This acylation has probably a marked
influence on the bonding mode of S lignin units, on the spa-
tial organization of lignins and on their interacting capabili-
ties with polysaccharides. While sinapyl alcohol has a pro-
nounced tendency to be involved in B-O-4 end-wise type
coupling upon peroxidasic polymerization in plant cell
walls, its p-coumaroylation at Cy might change its coupling
modes as well as the advancement of the peroxidase-driven
polymerization. As a support to this hypothesis, a model
study recently established that adding sinapyl p-coumarate
with monolignols accelerated peroxidase inactivation and
this depressed lignification (Grabber and Lu 2007).

Ferulate is the major hydroxycinnamic derivative in
young grass cell walls and maize cell walls can contain up
to 5% ferulate monomers plus dimers (Grabber ef al. 2004).
At least 50 to 70% of alkali-labile ferulate deposition occurs
during secondary wall formation and lignification (Mac
Adam and Grabber 2002) and FA content plateaus as the
walls come to maturity (Morrison et al. 1998). Ferulic units
are primarily esterified to non-cellulosic polysaccharides,
such as glucurono-arabinoxylans. Through their peroxidase-
and/or laccase-driven oxidative coupling, ferulate and dife-
rulates provide points of growth for the lignin polymer,
mainly via ether bonds that anchor lignins to cell wall poly-
saccharides, and thereby direct cell wall cross-linking
(Ralph et al. 1992; Jacquet ef al. 1995; Ralph et al. 1995).
Feruloylated arabinoxylans may thus be primarily respon-
sible for the scattered distribution of lignin domains in grass
cell walls. Conversely to the ester linkage of pCA to S units,
FA is mainly ether-linked to the B-position of G units (Jac-
quet et al. 1995). Complementarily, the formation of feru-
late dimers is all what is required to covalently couple two
polysaccharide chains (Hatfield ez al. 1999a). The presence
of ferulate linked to arabinosyl substituents of arabino-
xylans thus provides a convenient and reliable way of cross-
linking these polysaccharide chains. Over 50% of wall feru-
late can thus undergo dehydrodimerization and arabino-
xylans are extensively cross-linked by ferulate dimerization
in mature cell walls (Grabber ef al. 2004).

Ester-bound pCA and FA can also undergo a photo-cata-
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lyzed cyclodimerization to form ester-linked cyclobutane
derivatives (Hartley and Morrison 1991), namely the tru-
xillic acids (head to tail polymerization, dimers which are
sterically favored) and the truxinic acids (head to head poly-
merization, dimers which are minor components). Truxillic
acids involved pCA-pCA, pCA-FA, and FA-FA dimeriza-
tions and most often occur in this decreasing order. These
dimers, which seem more frequent in small grain cereal
straws than in maize or sorghum (Jacquet 1997), may cross-
link cell wall polymers. While it is well established that cel-
lulose and hemicellulose components are tightly associated
through hydrogen bonds, the occurrence of covalent bonds
between cellulose and any other cell wall constituents has
not been demonstrated. Lignins can also be bound directly
to non-cellulosic polysaccharides via direct ether or ester
bonds resulting from opportunistic addition reactions bet-
ween quinone methides and various nucleophiles.

Recently, on the basis of a thioacidolysis marker com-
pound (Ag) and of NMR signals, Ralph ef al. (2007) have
shown that free FA could be polymerized into lignins, in
addition to p-coumaryl, coniferyl, and sinapyl alcohols. The
Ag marker thus occurred in lignins of poplar wood as
nearly 1.3% of released G units (Ralph et al. 2007). As it
was considered for lignin H units, the impact of this new
minor constituent could be more important than considered
on the basis of its frequency. Despite they are mostly re-
ferred to as branched 3-dimensional polymers, lignins are
largely linear. This novel incorporation mode of free FA in
lignins, through bis-8-O-4 cross-coupling, provides a new
mechanism for chain branching in the polymer (Ralph ef al.
2007). The Ag marker is also systemically released from the
thioacidolysis of grass lignins, in low relative amount com-
pared to G monomers (less than 1%). Whether this incorpo-
ration in grass lignins contributes to their high branching
degree is still unknown.

DISTRIBUTION OF LIGNINS AND P-
HYDROXYCINNAMATES IN STEM TISSUES OF
GRASSES

In a maize growing internode, all tissues do not undergo lig-
nification simultaneously, or at the same rate. Lignification
appears as a spatially and temporally regulated phenomenon
and the distribution of H, G, and S monomers varies among
tissues and between primary and secondary cell walls (Tera-
shima et al. 1986; Terashima and Fukushima 1993; Joseleau
and Ruel 1997). Conducting and supporting tissues such as
fibers, vessels and tracheids show an early lignification of
their secondary walls, comparatively to those of parenchy-
ma. Similarly, structure differs with respect to morphologi-
cal region such as fiber, vessel and parenchyma cell walls.
Lignins of the parenchyma are made of a mixture G and S
lignins, with a low proportion of G units. In the tracheids of
protoxylem and in the vessels of metaxylem, lignins are
early found heterogeneous, with a significant proportion of
H units mixed with G-S units, but a lower proportion of
homopolymeric G lignins. The incorporation of H and G
monomers takes place at the onset of lignification, in lig-
nins deposited in the tricellular junctions and the medium
lamella of plant cells, even if S units have been detected at
the early stages of lignification (Musel et al. 1997). The de-
position of G units with increasing proportions of S units
occurs subsequently, during lignification of primary walls
of parenchymatous tissues, and in primary and secondary
walls of xylary tissues and sclerenchyma fibers. Xylary tis-
sues and sclerenchyma are lignified before parenchyma and
they have a higher S/G ratio and lignin content at maturity
(Chesson et al. 1997; Joseleau and Ruel 1997). Correla-
tively to the accumulation of highly lignified xylary and
sclerenchyma cells, which are highly enriched in S lignins,
the lignin content and the S/G ratio of lignified tissues in-
crease as the plant ages (Buxton and Russell 1988; Chen et
al. 2002). The changes in lignin content may also be ac-
companied by changes in lignin structure. Although lignin
and p-hydroxycinnamic acid deposition in individual inter-
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nodes takes place over a period of weeks (Jung 2003), this
process is probably completed within a few days in indivi-
dual cells of internodes, but this has not yet been adequately
characterized (Grabber et al. 2004).

Ferulate deposition has been investigated in the fourth
growing internode of late maize hybrids (Jung 2003). The
length of the fourth internode increased from 9 to 145 mm
during the 20 days of its fast elongating period and reached
finally 152 mm 45 days after the beginning of its elongation.
Accumulation of ferulate followed the elongation pattern,
but deposition of ester and ether ferulate derivatives conti-
nued at a high rate long after this elongation has ceased,
until 80 days after the beginning of internode elongation.
This duration is probably shorter in earlier lines or hybrids.
Immuno-cytochemical studies with maize stems also indi-
cate that FA is deposited in the lignified walls of secon-
darily thickened xylem, sclerenchyma, phloem fibers, and
parenchyma tissues (Migné et al. 1998). In mature sorghum,
total and ether-linked ferulate concentrations were greater
in sclerenchyma and vascular tissues than in pith paren-
chyma and epidermal cells (Hatfield ez a/. 1999b). Similarly,
pCA esters increased 10-fold between 20 and 80 days after
the beginning of maize internode elongation, due to their
presumed incorporation into lignins from sinapyl p-couma-
rate precursor and due to the late deposition of S lignin
units in the cell walls (Jung 2003).

LIGNIN AND P-HYDROXYCINNAMATES GENES IN
GRASSES

Lignin pathway enzymes are likely organized as one (or
more) endoplasmic-reticulum-associated multi-enzymes
complex (Winkel 2004). The precise organization of these
enzymatic complexes is not elucidated, but it could be con-
sidered that the enzymes function as different metabolons,
each dedicated to the production of the different phenyl-
propanoid compounds (Winkel 2004). These considerations
are fully in agreement with the existence of multigene gene
families. Each member gene in a multigene family could be
differentially involved in different metabolons, with differ-
ential regulations controlled by different transcription and
regulatory factors.

Genes involved in monolignol and lignin
biosynthesis in grasses

The first step of lignin biosynthesis occurs after the shiki-
mate pathway with the deamination of L-phenylalanine into
cinnamic acid by a phenylalanine ammonia lyase (PAL).
Maize PAL also has a tyrosine ammonia lyase (TAL) acti-
vity (Roesler et al. 1997) likely explaining the TAL activity
observed in grasses (Higuchi et al. 1967) and catalyzing ty-
rosine deamination into p-coumaric acid (pCA). The hydro-
ylation of cinnamic acid by a cinnamate 4-hydroxylase
(C4H) yields pCA, then converted into coumaroyl-CoA by a
4-CoA ligase (4CL). Coumaroyl-CoA is converted into caf-
feoyl-CoA through the formation of quinate or shikimate
esters by a hydroxycinnamoyl transferase (HCT), either a
hydroxycinnamoyl-CoA: quinate hydroxycinnamoyl trans-
ferase (CQT) or a hydroxycinnamoyl-CoA: shikimate hyd-
roxycinnamoyl transferase (CST), followed by hydroxyla-
tion of these esters to caffeoyl analogues via a p-coumaroyl-
shikimate/quinate 3'-hydroxylase (C3'H), giving chloroge-
nic and trans-(p-caffeoyl)-shikimic acids, respectively. Fin-
ally, formation of caffeoyl-CoA is obtained by the reverse-
active HCT (Schoch et al. 2001; Hoffmann et al. 2003,
2004; Mahesh et al. 2007; Shadle et al. 2007). Whether
C3'H enzymes are active on both p-coumaroyl-shikimate
and p-coumaroyl-quinate or specialized on one ester is not
established in maize. However, in Arabidopsis, the shiki-
mate ester was converted four times faster than the quinate
ester (Schoch ef al. 2001), while in tobacco the affinity of
HCT enzyme for shikimate was nearly 100-fold higher than
for quinate (Hoffmann et a/. 2003). Shikimate derivatives
are therefore likely the preferential substrates towards the



Genes, Genomes and Genomics 1(2), 133-156 ©2007 Global Science Books

biosynthesis of lignin G and S units.

Further steps of this pathway are not definitely eluci-
dated. The lignin pathway generating G and S units was
considered for a long time to be a metabolic grid, but this
view has to be discarded based on the latest data. A pathway
has been proposed by Chiang (2006) with the cinnamate 3-
hydroxylase (C3H) acting on 4-coumarate and the 4CL
acting on caffeate, but this model is not in agreement with
results that established the involvement of quinate or shiki-
mate esters of coumaroyl-CoA in plant lignin pathways and
the lack of caffeate in maize. Separate pathways leading to
G and S units had been proposed by Guo ef al. (2001) and
Parvathi ef al. (2001) in the dicotyledonous alfalfa plant,
with a G unit biosynthesis based on a caffeoyl-CoA O-me-
thyltransferase (CCoAOMT) activity and an S unit biosyn-
thesis based on a caffeic acid O-methyltransferase (COMT)
activity. More recently, Chen et al. (2006) and Dol et al.
(2007) have shown that down-regulation of CCoAOMT in
alfalfa and Arabidopsis, respectively, reduced lignin content,
with a significant effect on G units and an increased S/G
ratio, but almost no effect on S unit yield. Contrary results
were observed in CCoOAOMT down-regulated tobacco with
a greater reduction of S units than G units (Zhong et al.
1998; Chen et al. 2006). However, Arabidopsis plants down-
regulated for both CCoAOMT1 and COMTI stop their
growth at the plantlet stage, with lignins mainly composed
of H units (Dol et al. 2007). Based on these results and
based on enzymatic activity (Meng and Campbell 1998;
Parvathi et al. 2001), alfalfa and Arabidopsis COMT are
likely active on both 5-hydroxy-coniferaldehyde and caf-
feoyl-aldehyde. Conversely, CCOAOMT enzymes have a
stricter affinity for CoA-ester, and more specifically for caf-
feoyl-CoA compared to 5-hydroxyferuloyl-CoA, and have
no or very little affinity on corresponding acids (Martz ef al.
1998; Meng and Campbell 1998; Parvathi et al. 2001).

Based on all available data on angiosperm lignin path-
way, on data obtained from maize bm mutants, on maize
genes found involved in the pathway, and on maize ex-
pression data, the maize lignin biosynthesis pathway ap-
pears centered on a C3'H-CCoAOMT hub with a central
position of caffeoyl-CoA. One route towards G, and pos-
sibly S monolignol, is certainly based on the methylation of
caffeoyl-CoA into feruloyl-CoA by a CCoAOMT. Different
CCoAOMT genes are probably differentially involved in
the G unit pathway with different and possibly specific in-
volvements in each stage or tissue. Similarly, CCOAOMT
genes could be differentially or specifically involved in S
monomeric unit biosynthesis. Reductions of p-coumaroyl-
and feruloyl-CoA thioesters into p-coumaraldehyde and
coniferaldehyde are catalyzed by cinnamoyl-CoA reducta-
ses (CCR) with different members of the CCR family prob-
ably expressed at different maturity stages and/or in differ-
ent tissues, as it was considered for CCoAOMT genes.
Complementarily, in tobacco CCR down-regulated plants,
lignin content was nearly half that of control with reduced
G units, while S units were relatively retained (Piquemal et
al. 1998; Ralph et al. 1998; Dauwe et al. 2007; Ralph et al.
2007). In fact, it is fairly difficult to conclude surely from
observations in down-regulated plants if all members of the
family are not taken into account. In maize, the five
CCoAOMT genes identified to date fall into three clusters
with rather low nucleic similarity between genes (Civardi et
al. 1999; Guillaumie et al. 2007b) and a possibility to es-
cape a RNA interference targeted only against a subset of
members. A similar situation exists in maize for CCR genes,
and more than one CCR should exist in tobacco with signi-
ficantly diverging sequences.

Diverging routes to coniferyl and syringyl alcohol are a
probable hypothesis. A maize CCR could catalyze the re-
duction of caffeoyl-CoA into caffeoyl-aldehyde, which
could be subsequently converted into coniferaldehyde either
by the COMT and/or by another OMT according to expres-
sion of several OMT genes observed in maize lignifying tis-
sues (Guillaumie ef al. 2007b). The diverging step between
routes leading to the biosynthesis of G and S lignin units
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could be hypothesized very early in pathway. The down-re-
gulation of the Arabidopsis 4CL1 gene reduced the content
of G units in lignins, but did not affect the S unit content
(Lee et al. 1997). Specific metabolic channels are possibly
devoted to coniferyl and sinapyl alcohol biosynthesis, based
on gene spatio-temporal regulation and involving different
members of multigene families. Regarding the last steps of
sinapyl alcohol biosynthesis, the hydroxylation of coniferal-
dehyde by a ferulate 5-hydroxylase (FSH) yields 5-hydro-
xy-coniferaldehyde, which is methylated into sinapaldehyde
by the COMT. The unique maize COMT enzyme has, in
fact, no in vivo activity on caffeic acid, but is active only on
coniferaldehyde.

Whether separate pathways exit in maize with the bio-
synthesis of G units based on CCoAOMT activities and the
biosynthesis of S units based on COMT/OMT activities as
it was considered in alfalfa and Arabidopsis is not defini-
tively answered. The more primitive appearance of
CCoAOMT during plant evolution, in comparison with
COMT, is in agreement with the most primitive appearance
of G units comparatively to S units. Only a CCoAOMT has
been found in the genome of cyanobacterium (Meng and
Campbell 1998). Moreover, Li et al. (1999) demonstrated
that a CCoAOMT gene also existed in gymnosperm (lob-
lolly pine), with a high catalytic efficiency for caffeoyl-CoA,
even if a COMT related enzyme (AEOMT), having a simi-
lar activity on acids and CoA-esters, has also been found
(Li et al. 1997). Because several OMT of unknown sub-
strates are expressed in maize lignifying tissues, and be-
cause the residual content of S units in bm3 (COMT disrup-
ted) maize mutant reaches 40% of the normal value, it could
be assumed that S unit biosynthesis occurs in maize and in
grasses with the involvement of both the COMT and un-
identified OMT genes. Complementarily, preferred chan-
nels towards coniferyl and sinapyl monolignols, rooted
early in the lignin pathway or possibly earlier in the shi-
kimate pathway, have to be considered.

Reduction of p-hydroxycinnamaldehydes leads to the
three p-coumaryl, coniferyl, and sinapyl alcohols (Boudet
2000; Boerjan ef al. 2003; Boudet et al. 2003). These steps
are catalyzed by cinnamyl alcohol dehydrogenases (CAD)
considered as active on the three p-hydroxycinnamalde-
hydes. However, a specific sinapyl alcohol dehydrogenase
(SAD) gene has been described in aspen (Li ez al. 2001).
Even though two close orthologs of the aspen gene have
been found in maize (Guillaumie et al. 2007b), the speci-
ficity of encoded proteins towards sinapaldehyde has not
yet been established in maize. The maize CAD gene Zm
CAD2, which is orthologous to the EgCAD2 and OsCAD2
genes of eucalyptus and rice (Goftner et al. 1992; Tobias
and Chow 2005), is associated with the bm/ mutation and
located in the bin 5.04 (Provan et al. 1997; Halpin et al.
1998). EgCAD2-type proteins are zinc-containing long-
chain alcohol dehydrogenases active as dimers (Hawkins
and Boudet 1994; Jornvall et al. 1987), whereas EgCADI1-
type proteins are short-chain alcohol dehydrogenases (Jorn-
vall et al. 1995; Goffner et al. 1998), which are active as
monomers (Hawkins and Boudet 1994). An EgCADI-type
CAD activity has also been described in maize by Kana-
zawa et al. (1999) and a corresponding gene ZmCAD1 was
recently mapped in bin 5.04 close to the hm/ gene (Géno-
plante unpublished data). The function of EgCADI-type en-
zymes in the constitutive lignin pathway is not completely
explained, but one such gene was recently proven to be also
involved in the synthesis of coniferyl alcohol (Damiani et al.
2005). Complementarily, AtCAD1 was observed expressed
in the early lignification stages of Arabidopsis and allowed
a partial restoration of lignification in CAD C and CAD D
down-regulated plants (Eudes et al. 2006). The hydroxyla-
tion and methylation steps giving sinapyl alcohol are also
considered to occur at the alcohol level, as FSH and COMT
are likely active on coniferyl and 5-hydroxy-coniferyl alco-
hols, respectively.

The three resulting p-hydroxycinnamyl alcohols are
transported as still unidentified conjugates from the cytosol
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to the apoplast where they undergo dehydrogenative poly-
merization mainly via peroxidases and/or laccases to form
lignins (Boudet 2000; Christensen et al. 2000; Boerjan et al.
2003). The mode of condensation of monolignols is contro-
versial, as it is mostly often considered occurring after free
radical coupling, but it was also considered to occur
through an ordered radical coupling driven by dirigent pro-
teins (Davin and Lewis 2000). Whereas peroxidases have
been considered during years as the unique class of oxi-
dases involved in lignin polymerization, new results, out of
which the sequencing of EST and expression studies based
on lignifying tissues, have shown that other oxidases and
particularly laccases could be involved in lignification. Per-
oxidases and laccases belong to large multigene families
and it has been to date difficult to assign a specific function
to any particular oxidase (Boudet 2000). Moreover, sinapyl
alcohol is far more rapidly oxidized in presence of p-cou-
marate, which is oxidized by peroxidases and transfers the
radical to sinapyl alcohol (Boudet 2000). Two maize per-
oxidases (ZmPox2 and ZmPox3) have been shown to loca-
lize in vascular and lignifying tissues (de Obeso et al. 2003).
Complementarily, ZmPox2, ZmPox3, and three new maize
peroxidase genes, orthologous to zinnia peroxidase genes,
were shown significantly expressed in maize lignifying
internodes of silking plants (Guillaumie et al. 2007b). In the
same experiment, three laccase genes, orthologous to poplar
and zinnia laccase genes, were simultaneously expressed,
one of which with a 2-fold higher level than the most ex-
pressed peroxidase gene.

A less direct pathway for monolignol to enter the lignin
polymer has possibly also to be considered, based on the
occurrence of coniferin (coniferyl alcohol 4-O-B-D-gluco-
side) which is likely a stock compound. In the primitive tree
Ginkgo biloba, coniferin was shown to be oxidized into
coniferaldehyde glucoside by a NADP-dependent alcohol
dehydrogenase, deglucosylated by a [-glucosidase into
coniferaldehyde, and finally converted into coniferyl alco-
hol and incorporated into lignin (Tsuji ez al. 2005). In mag-
nolia (plant with a coniferin pool), oleander or eucalyptus
(plants without a coniferin pool), most of coniferin agly-
cone used for lignin biosynthesis via an aldehyde form was
incorporated mostly in syringyl, but not in guaiacyl lignins
(Tsuji et al. 2004; Tsuji and Fukushima 2004).

Genes involved in p-coumarate and ferulate
biosynthesis in grasses

The biosynthesis of pCA is not questioned, even if a speci-
fic set of members of multigene families could be involved
in its biosynthesis. However, while sinapyl alcohol is presu-
mably pre-acylated with pCA acid prior to its incorporation
into lignin (Lu and Ralph 1999; Grabber and Lu 2007), the
involved acyltransferases are yet unknown. Conversely, the
pathway allowing ferulic acid (FA) biosynthesis is still
largely unknown.

In Arabidopsis, Nair et al. (2004) established that the
refl mutant, which has a reduced content in soluble sina-
pate esters, was affected in a sinapaldehyde dehydrogenase
(ALDH2C4, At3g24503), and that the REF1 protein exhib-
ited both sinapaldehyde and coniferaldehyde dehydrogenase
activities. Sinapic and probably ferulic acids in Arabidopsis
thus (partially) derived from oxidation of the corresponding
aldehydes, rather than acting as precursors of those alde-
hydes. Whether this ALDH pathway also exists in grasses,
or whether it is limited to Brassiceae or a subset of dicoty-
ledons plants, is currently not established. In maize, at least
eight ALDH genes have been described (Skibbe et al. 2002),
including the ZmRF2A gene involved in fertility restoration
of the Texas cytoplasmic male sterility and the cytosolic
ZmRF2C, ZmRF2D1 and ZmRF2D2 genes (Skibbe et al.
2002; Nair et al. 2004). In maize young or older tissues
(Guillaumie e al. 2007b), gene expression level for investi-
gated ALDH was rather low, except a slightly higher ex-
pression for the ALDH Arabidopsis REF1 ortholog AY
109842, first found in anther and pollen libraries and ori-
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ginally annotated as BADH (betaine aldehyde dehydro-
genase). This gene corresponds to the maize locus umc1760,
previously mapped in bin 7.05. Its closest orthologous gene
in rice is also annotated as a BADH (BAC21357). In Ara-
bidopsis, the closest orthologous gene (At3g66658) enco-
ded protein that is now considered as a putative ALDH
(ALDH22A1), belonging to a novel plant ALDH family
(Kirch et al. 2004, 2005). In maize, the putative involve-
ment of ALDH enzymes in ferulate biosynthesis has still to
be considered.

In alfalfa, the content in FA, which is present in the cell
wall with an amount nearly 100 times lower than in maize,
is significantly decreased in C3'H down-regulated plants,
but not in CCoAOMT down-regulated plants (Chen et al.
2006). Even if these data did not establish if all members of
the CCoAOMT family were down-regulated or not, they
probably established that ferulate originates either from a
specific and diverging CCoAOMT escaping the RNA inter-
ference or more probably from a route branching before the
CCoAOMT step. Complementarily, in addition to variation
in lignin content and decrease of lignin G units in tobacco
CCR down-regulated plants, an increase in ferulate content
of the cell wall (up to 10-fold) was observed (Piquemal e? al.
1998; Ralph et al. 1998; Dauwe et al. 2007; Ralph et al.
2007). FA biosynthesis pathway appeared closer to the one
of syringyl alcohol than to the one of coniferyl alcohol.

In any way, the pathway leading to FA still remains
largely questionable in maize and grasses. Results obtained
with the maize hm3 mutant strongly suggest that FA is not
biosynthesized by a COMT-catalyzed methylation of a caf-
feic precursor. The disruption of the COMT gene neither af-
fects FA content nor probably its biosynthesis (Barriére et al.
2004c), even if the lower lignin content in the bm3 mutant
may increase the yield of alkali-releasable FA (Grabber ef al.
2000b). From investigations in maize or wheat stem tissues
allowing the recovery of p-coumarate and ferulate, no caf-
feate was found (Fry ef al. 2000; Benoit et al. 2006; INRA
Lusignan unpublished data). Complementarily, in a map-
ping progeny derived from a cross between Coffea pseudo-
zanguebariae and C. liberica (Campa et al. 2003), a QTL
closely linked to a CCoAOMT gene was shown to affect the
content in caffeoyl-quinic (chlorogenic) acid, but has no ef-
fect on the content in feruloyl-quinic acid. A lower
CCoAOMT activity or efficiency was then considered to in-
crease the pool of chlorogenic acid, but no satisfactory hy-
pothesis explained the absence of effect on feruloyl-quinic
acid content. Obel et al. (2003) showed that feruloyl-glu-
cose can be a precursor for the intracellular feruloylation of
arabinoxylans when radio-labelled FA was given to suspen-
sion-cultured wheat cells. However, the formation of feru-
loyl-glucose might also occur as storage or detoxification
processes when cells are fed FA, in the same way as mono-
lignol glucosides are considered to be storage and/or the
transport forms of monolignols (Lim et al. 2005a, 2005b;
Escamilla-Trevino et al. 2006). According to Fry et al.
(2000), the p-coumarate to caffeate and ferulate conversion
could involve conjugates of the acids, including possibly
CoA-esters. Correlatively, a putative feruloyl-CoA-arabino-
xylan-trisaccharide O-hydroxycinnamoyl transferase acti-
vity (Yoshida-Shimokawa et al. 2001) has been found in
vitro in suspension-cultured rice cells fed feruloyl-CoA and
arabinoxylan-trisaccharide (AXX) towards the formation of
feruloyl arabinoxylan-trisaccharide (FAXX). However, if
data of Obel et al. (2003) suggested that feruloyl-CoA was
in fact the precursor of feruloylated proteins, it could also
be hypothesized that feruloyl-CoA would be only an inter-
mediary feruloyl donor towards the formation of FAXX.
The results of Fry et al. (2000) showing incorporation of
[*C]cinnamates into arabinoxylan-bound ferulate and dife-
rulates in maize cell cultures did not similarly clearly iden-
tified feruloyl-CoA as an intermediate between cinnamate
and cross-coupled ferulate. Taking into account the results
of Chen et al. (2006) on alfalfa showing a ferulate pathway
branching after C3'H and before CCoAOMT steps, and be-
cause coumaroyl-CoA was now proven to be converted into
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caffeoyl-CoA through the formation of quinate or shikimate
esters, it could be considered that either caffeoyl-quinic acid,
caffeoyl-shikimic acid, or caffeoyl-CoA is the starting point
of a specific pathway towards the biosynthesis of FA in
grasses. While caffeoyl- and feruloyl-quinic acids, include-
ing 5-O-caffeoyl- and 5-O-feruloyl-quinic acids, have been
found in several plants (Ding et al. 2001; Campa et al. 2003;
Niggeweg et al. 2004; Clifford et al. 2006, 2007), the cor-
responding feruloyl-shikimic derivatives were not described.
A methylation step towards feruloyl derivatives could in-
volve caffeoyl-quinic acid and a still unknown OMT.

Three routes leading to maize and grass ferulate deriva-
tives can thus be hypothesized (Fig. 1). Feruloylated arabi-
noxylan (AX) might originate from caffeoyl-CoA. A glu-
cosyl transferase could convert caffeoyl-CoA into caffeoyl-
glucose, converted into feruloyl-glucose by an unknown
OMT. As it was considered for S unit biosynthesis, caf-
feoyl-CoA might also be converted into caffeoyl-aldehyde
in a CCR-catalyzed reaction followed by a methylation step
with an unknown OMT gene, different from COMT be-
cause FA content is not altered in bm3 maize. Coniferalde-
hyde would be converted into FA in an ALDH-catalyzed
reaction, and converted subsequently into feruloyl-glucose
by a glucosyl transferase. Another route might be hypothe-
sized without the involvement of caffeoylCoA. Caffeoyl-
glucose might originate directly from caffeoyl-shikimic or
caffeoyl-quinic acids, after a reaction catalyzed by a gluco-
syl transferase, with the methylation step on caffeoyl-glu-
cose. Finally, the route toward ferulate derivatives might
originate from caffeoyl-quinic acid. Feruloyl-quinic acid
might occur from the methylation of caffeoyl-quinic acid.
In this case feruloyl-glucose would derive from feruloyl-
quinic acid with a glucosyltransferase-mediated reaction. In
these three putative pathways, FA biosynthesis will effec-
tively be free of any CCoAOMT activity.

For AX feruloylation steps, Mitchell and Shewry (2007)
identified candidate genes specifically expressed in grasses,
based on a bioinformatics approach on rice, wheat and bar-
ley EST, comparatively to dicotyledons. One of the most
differentially expressed groups gathered grass genes of the
Pfam family PF02458 which are the strongest candidates
for encoding enzymes with an AX feruloyl transferase func-
tion. Maize and grass feruloylation of arabinoxylans would
be catalyzed by one or several genes of this PF0258 family,
mediating the transfer of a feruloyl group from feruloyl-
quinic acid or feruloyl-glucose onto an AX chain. Simulta-
neously with genes of the PF0258 family, genes of the
glycosyl transferase GT43 and GT47 families were shown
as specifically expressed in grass with B-1,4-xylan synthase
and xylan a-1,2- or a-1,3-arabinosyl transferase functions,
respectively, allowing the lengthening of xylans chains and
the formation of AX(X) groups. Complementarily, specific
grass feruloyl-AX B-1,2-xylosyl transferases of the GT61
family could allow the branching of xylan chain. Genes of
the GT47 family could allow the transfer of an arabinosyl
residue onto an X(X) chain. Finally, feruloyl glycosides are
exported to the maturing wall and the cross-linking of feru-
loyl arabinoxylan further involves an active oxidative coup-
ling mechanism via peroxidases/H,0O, and/or laccases/O,.

The rice mutant Fukei71 over-accumulates polysaccha-
ride-linked ferulate in parenchyma cell wall in which lig-
nification is normally missing (Nishikubo ez a/. 2000). The
Fukei71 mutation occurs in the still unidentified D50 gene,
which has been mapped on rice chromosome 2 in a 2.2 ¢ctM
area close to the centromer (Sato ef al. 2002). Very few can-
didate genes are available in this area according to the
TIGR database (www.tigr.org) out of which the transcrip-
tion factor 0s02g26430 (OsWRKY42) with the conserved
WRKY and zinc finger domains. WRKY transcription fac-
tors encode proteins mostly involved in disease-resistance
responses, but also controlling diverse developmental and
physiological processes (Eulgem et al. 2000; Qu and Zhu
2006; Qiu et al. 2007). The OsWRKY42 gene is thus a put-
ative candidate for the Fukei71 mutation, but also a putative
candidate involved in regulation of feruloylation in grasses.
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Whatever could be the D50 gene, the Fukei71 mutation is a
clue more illustrating the possible independence and speci-
ficity of pathways towards lignin biosynthesis and ferulate
biosynthesis.

In any way, the ferulic moiety of the feruloylated arabi-
noxylans in maize and grasses originates from the hydro-
xycinnamoyl-CoA channel and candidates for the transfer
of feruloyl groups onto arabinoxylans and arabinoxylan
chains are now available. It remains to be found out whe-
ther the branching point is effectively caffeoyl-CoA or caf-
feoyl quinate (or shikimate). Moreover, OMT gene(s) in-
volved in the methylation step are still unidentified and
whether coniferaldehyde and ALDH significantly contribute
to feruloyl compound biosynthesis in grasses is still un-
known. A pathway branched after the C3'H step and before
the CCoAOMT step, with a more or less important involve-
ment of ALDH genes, is nevertheless a plausible hypothesis.
The discovery of the methylation step will answer all these
questions.

Multigene family in lignin biosynthesis in grasses

Most genes of the lignin pathway belong to multigene fami-
lies, with probable expression of the different members in
different tissues, at different stages, and/or driving the bio-
synthesis of different monomers. Corroborating this view,
the independent pathway in Arabidopsis and alfalfa towards
coniferyl and sinapyl alcohol biosynthesis (Lee et al. 1997;
Guo et al. 2001; Parvathi et al. 2001; Dol et al. 2007) could
correspond to independent metabolic channels driven by
different regulating factors and involving different members
of multigene families. Based on data of Guillaumie et al.
(2007Db), at least 37 genes could be involved in monolignol
biosynthesis in maize, while only 10 steps were considered
from phenylalanine to monolignols (Table 2). This non-
exhaustive list of 37 maize genes has been established from
expression of their zinnia orthologs during in vivo xyloge-
nesis (Pesquet et al. 2005a), from EST expressed in ligni-
fying tissue of maize, and from orthologs of EST expressed
in lignifying tissue of Arabidopsis or pine. In each family,
gene number is variable and ranges from one to seven, but
all the members are likely not yet known in all families.
Only one C3'H gene was found to date in maize, with a mo-
derate level of expression. Since the demonstration of the
coupled involvement of HCT and C3'H gene in this hydro-
xylation step has only recently been established in Arabi-
dopsis and tobacco (Schoch et al. 2001; Hoffmann 2003), it
might still be considered that the complete orthologous
pathway is not fully known in maize and that more than the
only currently known C3'H gene could exist in maize or
other grasses. However, in Arabidopsis the CYP98A3 gene,
encoding the cytochrome P450 enzyme C'3H, is present as
a single copy (Schoch et al. 2001). Abdulrazzak et al.
(2006) have confirmed, based on a study of a disrupted Ara-
bidopsis C3'H mutant, that this meta-hydroxylation step
was non-redundant. Moreover, none of the two other Arabi-
dopsis CYP98 genes (CYP98A8 and CYP98A9) metabo-
lized the quinate or shikimate ester of pCA (Schoch et al.
2001). Based on in silico analyses in Gramene and TIGR
databases (www.gramene.org and www.tigr.org), two puta-
tive cytochrome P450 98A1 rice genes (Os10g12080 and
0s5g41440) are found as orthologous to both Arabidopsis
and maize C'3H genes. Similarly, only one maize F5H gene
(CYP84A1, Meyer et al. 1996) was investigated in Guillau-
mie et al. (2007b). However, at least a second gene exists in
the maize genome (Génoplante unpublished data) in agree-
ment with the presence of three CYP84A1 genes as ortho-
logs of this maize F5H in the rice genome (Os10g36848,
0503202180, and Os06224180). Conversely, all available
data established that only one COMT gene exists in the
maize genome, as it has been corroborated by several obser-
vations including those on the dm3 mutant (Grand et al.
1985; Vignols et al. 1995; Barriére et al. 2004c¢). In rice,
only one COMT gene (Os08g06100) was observed as or-
thologous to the maize COMT gene.
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Table 2 Lignin pathway genes normalized expression values in ear and basal internodes of silking plants of the maize INRA line
F2. Genes are ranked within each family according to their expression in the ear internode. Expressions equal or lower than 3000
correspond to the zero value. Results are based on data of Guillaumie et al. (2007b).

Genes of the lignin pathway mRNA Internodes
Ear Basal
Phenylalanine / Tyrosine ammonia lyase AC185453 207907 32836
Phenylalanine / Tyrosine ammonia lyase (MZEPAL) AY'103947 187353 38154
Phenylalanine / Tyrosine ammonia lyase AY 106831 102659 31100
Phenylalanine / Tyrosine ammonia lyase AY'104679 10421 5944
Cinnamate 4-hydroxylase (C4H1) AY104175 66372 28254
Cinnamate 4-hydroxylase (C4H2) CF647652 19988 30822
4-coumarate coenzyme A ligase (4CL1) AY'105108 22522 6154
4-coumarate coenzyme A ligase (4CL2) AX204867 10707 11347
4-coumarate coenzyme A ligase (4CL3) DT948265 10286 10709
4-coumarate coenzyme A ligase (4CL5) AY'106966 10324 5159
4-coumarate coenzyme A ligase (4CL4) BT017473 8180 5424
Hydroxycinnamoyl-CoA transferase (HCT1) AY 109546 11068 5908
Hydroxycinnamoyl-CoA transferase (HCT2) DR807341 10690 9178
p-Coumaroyl-shikimate/quinate 3'-hydroxylase (C3'H) AY107051 10718 7621
Caffeoyl CoA O-methyltransferase (CCoAOMTS) AY'108449 51550 13430
Caffeoyl CoA O-methyltransferase (CCoAOMT2) AJ242981 47434 19746
Caffeoyl CoA O-methyltransferase (CCoAOMT3) AY'104670 23740 32846
Caffeoyl CoA O-methyltransferase (CCoAOMT1) AJ242980 21976 7869
Caffeoyl CoA O-methyltransferase (CCoAOMT4) AI855419 13947 14245
Cinnamoyl CoA reductase (CCR1, ZmCINNRED) X98083 37894 11443
Cinnamoyl CoA reductase (CCR) AY 108351 13755 21430
Cinnamoyl CoA reductase (CCR) AY103770 11730 6880
Cinnamoyl CoA reductase (CCR) AI881365 9973 7397
Cinnamoyl CoA reductase (CCR) DV490994 8886 5095
Cinnamoyl CoA reductase (CCR) BT018028 8736 5281
Cinnamoyl CoA reductase (CCR) Al737052 8414 4766
Cinnamoyl CoA reductase (CCR2) Y 15069 8776 7135
Ferulate 5-hydroxylase (F5HI1) DR966008 45662 13754
Caffeic acid O-methyltransferase (COMT) M73235 142203 39113
Cinnamyl alcohol dehydrogenase (CAD, EgCAD?2 type) Y13733 30285 9569
Cinnamyl alcohol dehydrogenase (putative CAD) AY107977 13998 6463
Cinnamyl alcohol dehydrogenase (putative CAD) AY110917 9826 6158
Cinnamyl alcohol dehydrogenase (putative CAD) CX129557 8260 5537
Cinnamyl alcohol dehydrogenase (CAD, EgCADI1 type) AY106077 16082 16995
Sinapyl alcohol dehydrogenase (SAD) AY 104431 17398 6445
Sinapyl alcohol dehydrogenase (SAD) CD995201 9165 4230
Peroxidase (ZmPox) AY 106450 19551 7099
Peroxidase (ZmPox2) AJ401275 10903 20634
Peroxidase (ZmPox) AY110228 10476 15081
Peroxidase (ZmPox) BG838000 9637 5657
Peroxidase (ZmPox3) AJ401276 9180 4716
Laccase BG842157 46998 83977
Laccase Al491689 13703 21387
Laccase no 9362 4218
Means of gene expression - 31334 14937

GENES RELATED TO THE PHENYLPROPANOID
PATHWAY IN GRASSES

Genes upstream the lignin pathway

Lignin biosynthesis is also dependent on the availability of
substrates upstream the phenylpropanoid pathway. The shi-
kimate pathway links the carbohydrate metabolism to the
biosynthesis of aromatic amino acids (Phe, Tyr, and Trp)
and, consequently, to the phenylpropanoid and lignin path-
ways. The first step of the shikimate pathway is catalyzed
by the 3-deoxy-d-arabino-heptulosonate 7-phosphate syn-
thase (DAHPS). In the rice mutant Fukei71, one DAHPS is
over-expressed in close correlation with one OsPAL over-
expression, suggesting a coordinate regulation in the phe-
nylpropanoid and shikimic pathways (Mase et al. 2005;
Sato et al. 2006). Similarly, a chorismate mutase, which is
one of the last enzymes of the shikimate pathway, was
under-expressed in bm/ and bm2 maize young stems (Guil-
laumie et al. 2007a). The carbon flow in the shikimate path-
way, the regulations of the shikimate pathway genes, and
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the phenylalanine supply to PAL enzymes may thus directly
affect the phenylpropanoid biosynthesis.

The S-adenosyl-L-methionine cycles

Similarly as the shikimate pathway for phenylalanine, the
methionine pathway is involved in the biosynthesis of sub-
strates of lignins and hydroxycinnamates with S-adenosyl-
L-methionine (SAM or AdoMet) since O-methyltransferases
are SAM-dependent. The methylation of lignin precursors
consumes large amount of methyl groups (van der Mijns-
brugge et al. 2000) and the formation of SAM from methio-
nine and ATP is catalyzed by an S-adenosyl-methionine
synthetase (SAMS). These transmethylation reactions based
on SAM release S-adenosyl-homocysteine (SAH or Ado
Hcy), which is a strong competitive inhibititor of COMT
and CCoAOMT (Ravanel et al. 1998), and that has to be
promptly recycled for proper methylation of lignin precur-
sors. SAH is thus recycled into homocysteine and adenosine
by an S-adenosyl-homocysteine hydrolase (SAHH) while
an adenosine kinase (ADK) mediates the recycling of ade-
nosine into adenosine monophosphate (Ranocha et al. 2000,
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2001; Moffatt et al. 2002), catalyzed by a homocysteine
methyltransferase (HMT) with the conversion of 5-methyl-
tetrahydrofolate into tetrahydrofolate (THF). This cycle is
dependent of another related methyl cycle in which THF
converted into 5,10-methylene-THF with a simultaneous
conversion of serine into glycine in a reaction catalyzed by
a glycine hydroxymethyltransferase. The 5,10-methylene-
THF is reduced into 5-methyl-THF by a methylenetetra-
hydrofolate reductase (MTHFR).

Additionally, a "futile" cycle has been shown in plants
with the synthesis of S-methylmethionine (SMM) by a me-
thyl transfer from SAM to methionine and the release of
SAH (Ranocha et al. 2001). SMM is reconverted to methio-
nine by transferring a methyl group to homocysteine. These
irreversible reactions are catalyzed by S-adenosylmethio-
nine:methionine S-methyltransferase (MMT) and homocys-
teine S-methyltransferase (HMT), respectively. Four HMT
(ZmHMT1-4) have been identified in maize (Ranocha et al.
2001), but their substrate specificities have not been yet
established. As the two negative feedback effects inhibiting
MTHFR or SAMS activities are missing in plants, the
SMM cycle is considered to be the main mechanism regula-
ting the SAM pool in the absence of feedback loops bet-
ween SAM and the enzymes involved in its synthesis in
plants, conversely to what occurs in other eukaryotes (Ra-
nocha et al. 2001; Kocsis ef al. 2003). The SAM/SAH ratio
is crucial to methylation reactions as SAH is a potent com-
petitive inhibitor of methyltransferase enzymes (Kocsis et
al. 2003) and is consequently of probable high significant
influence on plant lignification.

In lignifying tissues, and based on a proteomic approach,
PAL, CCoAOMT, and COMT profiles were highly correla-
ted with SAMS, HMT, and MTHFR profiles (Vincent et al.
2003). Similarly, two SAMS (BT018468 and BG837557)
were simultaneously expressed with COMT and
CCoAOMT in young and silking plants of maize (Guillau-
mie et al. 2007b). Kirst et al. (2004) also observed a highly
significant association among the expression levels of phe-
nylpropanoid genes including FSH, CCoAOMT, OMT, shi-
kimate genes (DAHP and chorismate mutase), and methio-
nine related genes (SAMS, HMT, and SAH) in a eucalyptus
progeny. Moreover, from yeast engineering data, an allos-
teric inhibition of MTHFR by SAM could control the me-
thyl neogenesis flux (Roje ef al. 2002) and consequently the
availability of methionine and SAM for the lignin pathway.
Complementarily, ADK and SAHH had jointly a higher ex-
pression in growing organs in which the highest SAM utili-
zation is devoted to cell wall formation (Pereira ef al. 2007).
These sets of inter-dependent cycles may therefore impact
significantly the efficiency of methylation reaction in the
lignin pathway and correlatively the quantity of lignins, the
S/G ratio, and the ferulate contents.

Genes putatively involved in the regulation of
lignin pathway genes

Several genes involved in the regulation of lignin biosyn-
thesis have been described in different species, but to date,
very little is known in maize and grasses. The regulation of
phenylpropanoid biosynthesis was the first role identified
for a plant R2R3-MYB transcription factor (Paz-Ares ef al.
1987). Eucalyptus EgMYB2 thus encoded a protein which
was shown to be a transcriptional activator binding specific-
ally cis-regulatory regions of EgCCR and EgCAD2 genes
(Goicoechea et al. 2005). Several MYB genes has been
described in maize (Franken et al. 1994; Guillaumie et al.
2007b) but only ZmMYB31 and ZmMYB42 was proven to
be related to the lignin pathway as their over-expression in-
duced a down-regulation of the maize COMT gene (Fornale
et al. 2006). The repressing effect on COMT was stronger
with ZmMYB31 than with ZmMYB42, but ZmMYB42
also negatively regulated the expression of C4H and CAD
genes. Similarly, after the description of the involvement of
a LIM transcription factor (Ntlim1) in tobacco lignification
by Kawaoka and Ebinuma (2001), five LIM factors were
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shown expressed in maize lignifying tissue (Guillaumie et
al. 2007b).

Transcription factors are also involved in lignified tis-
sue patterning. Maize orthologs to the MYB Altered Phloem
Development (APL) gene of Arabidopsis, which promotes
phloem differentiation and represses xylem differentiation
during vascular development (Bonke ef al. 2003), were
shown to be expressed in maize tissue (Guillaumie et al.
2007b). Orthologs of rice bZIP factors RF2a and RF2b
genes, which act as activators of phloem-specific gene ex-
pression (Yin et al. 1997), were also found expressed in
maize lignifying tissue. Several Class III homeodomain leu-
cine-zipper (HD-Zip I1I) genes were proven to be expressed
in maize lignifying tissues (Guillaumie et al. 2007b). HD-
Zip III proteins are transcription factors under the control of
miRNA regulation (Emery ez al. 2003), which are involved
in the asymmetric patterning of xylem and phloem in vas-
cular bundles, promoting vascular cell division, and differ-
entiation of interfascicular fibers and secondary xylem (Rat-
cliffe et al. 2000; Baima et al. 2001; Carlsbecker and Hela-
riutta 2005). Correlatively, the maize ZmmiR166 miRNA
accumulates in phloem and regulates the maize rolled leafl
gene (rld1), which encodes a HD-ZIP 111 transcription factor
(Juarez et al. 2004). Complementarily, the use of artificial
zinc finger chimeras, containing either an activation or a
repression domain towards the Arabidopsis At4CL1 promo-
ter region, resulted in a nearly 30% increase of lignin con-
tent with an ectopic lignin distribution, or a nearly 40%
decrease of lignin content with a decrease of the S/G ratio,
respectively (Sanchez et al. 2006). Finally, two continuous
vascular ring (COV1) orthologous genes were expressed in
maize lignifying tissues (Guillaumie et a/. 2007b) when the
Arabidopsis COV1 mutant exhibited a great increase in
stem vascular tissue instead of the inter-fascicular regions
(Parker et al. 2003).

Genes putatively involved in the transport and
storage of monolignols and hydroxycinnamates

Monolignol glucosides are considered to be storage and/or
transport forms of monolignols. Three uridine-diphosphate-
glucosyltransferases (UGT) have been identified in Arabi-
dopsis (Lim et al. 2005a), capable of glusosylating coni-
feryl and sinapyl alcohols (UGT72E2, 72E3) or specifically
aldehydes (UGT72E1). However, none of these UGT was
expressed in stems, but only in roots and/or leaves (Lanot et
al. 2006). The release of monolignol aglycone from its glu-
cosidic form at the cell wall for subsequent lignin polymeri-
zation is thought to be mediated by specific glucosidases. A
coniferin B-glucosidase was first identified from a pine xy-
lem library by Dharmawardhana er al. (1995). Recently,
Arabidopsis BGLU45 and BGLU46 B-glucosidases, strongly
expressed in lignifying organs, were shown to encode pro-
teins with narrow specificity towards the three monolignol
glucosides (Escamilla-Trevino et al. 2006). Several B-glu-
cosidase genes are expressed in maize lignifying internodes
(Guillaumie et al. 2007b), indicating probably their involve-
ment in the hydrolysis of monolignol glucosides into their
reactive forms and thus that monolignol storage and trans-
portation occurr in maize and grasses as glycosylated forms.
These B-glucosidases share sequence homology with the -
glucosidase ZmGlul, involved in defense against the Euro-
pean corn borer and catalyzing the hydrolysis of
DIMBOAGIc  (2-O-B-D-glucopyranosyl-4-hydroxy-7-me-
thoxy-1,4-benzoxazin-3-one) into DIMBOA and glucose
(Czjzek et al. 2000).

GENETIC VARIATION OF PHENYLPROPANOID
CONTENTS IN GRASS CELL WALLS

Genetic variation for phenolic traits as a
consequence of brown-midrib mutations

Genetic variation for lignin content and structure was first
established in the maize brown-midrib (bm) mutants in the
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sixties (Kuc and Nelson 1964; Gee et al. 1968; Kuc et al.
1968), with detailed characterization since the end of the
eighties (Lapierre ef al. 1988; Chabbert ef al. 1994; Vermer-
ris et al. 2002; Barriére et al. 2004c). Among the four bm
mutants, bml and bm3 mutants have been more thoroughly
investigated, as they have the most important effects on lig-
nin content and cell wall degradability, and because genes
related to these mutations have been discovered or suspec-
ted, while they are still unknown for dm?2 and bm4. The
most distinguishing trait in bm/ mutant plants, which are
altered in a CAD2 gene expression (Halpin ez al. 1998), is
the significant incorporation of cinnamaldehydes (mainly
coniferaldehyde) in constitutive lignins. Moreover, these
coniferaldehyde units incorporate into bm/ lignins not only
through labile ether bonds, but also through resistant biphe-
nyl structures (Barriére et al. 2004¢). Even if no "brown-
midrib" mutant has been described in rice, the GOLD
HULL AND INTERNODE2 (GH2) mutation in rice indu-
ces a reddish-brown pigment in panicle (or hull), internode,
and basal leaf sheath at heading stage. The GH2 mutant was
recently shown to be a mutant of the OsCAD2
(0s02g09490) gene which is the closest ortholog of the
ZmCAD2/bml maize gene (Zhang et al. 2006). The most
significantly modified trait related to cell wall phenolics in
bm2 is the substantial reduction of B-O-4-linked G units,

whereas no changes were observed for f-O-4-linked S units.

Complementarily, a significant decrease in etherified FA re-
leased after alkaline hydrolysis was also observed which
could be correlated to the lower availability of G units, with
only a slight shift in esterified FA (Barri¢re et al. 2004c).
The bm3 mutant has been most intensively studied, prob-
ably due to its very low lignin content which is reduced by
25 to 40% (and its high efficiency in cattle feeding). Kuc
and Nelson first established in 1964 that the frequency of S
units was heavily reduced, and suspected the occurrence of
additional not yet detected units. These additional units
were identified latter as 5-hydroxyguaiacyl (5-OH-G) units
(Lapierre et al. 1988), which were also shown to be involved
in novel benzodioxane structures in lignins (Marita et al.
2003). The hbm3 mutation occurs in the second exon of the
unique maize COMT gene (Vignols ef al. 1995), disrupting
the S unit pathway. The maize bm4 mutant is to date only
characterized by its brown-midrib leaves and its reduced
lignin content, without any abnormal trait highlighted in the
lignin polymer.

Genetic variation for phenolic traits in normal
maize

Large variation for phenolic traits were shown between nor-
mal inbred lines or hybrids (Dhillon et al. 1990; Grotewold
and Peterson 1994; Lundvall et al. 1994; Méchin et al.
2000; Fontaine ef al. 2003a, 2003b; Frey et al. 2004). Lig-
nin content and structure, esterified pCA content, esterified
and etherified FA contents are thus subject to significant

genetic variation in grass cell walls (Casler and Jung 1999;
Fontaine ef al. 2003b). Among maize lines, a variation close
to 50% and 30% of average values is observed for ADL/
NDF and KL/NDF lignin contents, respectively (Table 3),
in agreement with results of Lundvall et al. (1994) obtained
with later lines (B73 type). In correlation with lignin con-
tent variation, a 2-fold variation was observed for pCA con-
tent. Nearly similar ranges of variation were observed for
both esterified and etherified FA. Variation for the recovery
yield of each H, G or S lignin-derived monomer after thio-
acidolysis or nitrobenzene oxidation was similarly impor-
tant between maize lines, inducing consequently variation
in the corresponding S/G ratio.

However, observed differences between genotypes for
phenolic traits may relate to fundamentally different mecha-
nisms. Differences in phenolic traits may be explained by
genetic mechanisms directly involved in lignification, with
more or less efficient enzymes in the lignin pathway or its
upstream components, with more or less strong, even silent,
regulatory genes, with variable duration of gene expression.
However, within a stem, variable proportions in the dif-
ferent tissues, which have specific ratios in H, G, and S lig-
nin units and variable intensities of lignification, induce
consequently differences in phenolic traits between lines.

Genetic variation for tissue histology in maize

Genetic variation in lignification based on histological para-
meters has been little studied in grass. Two studies have
reported on the occurrence of thinner cell walls in bm3
maize mutants (Grenet and Barry 1991; Goto ef al. 1994).
Wilson and Hatfield (1997), investigating simultaneously
structural and chemical changes of cell wall types during
stem development, considered that poor digestion of secon-
dary walls is in vivo due to limits imposed by anatomical
structure. Wilson and Mertens (1995) considered that, in
grasses, the anatomical structures of cells and tissues might
be more important than wall chemistry in determining rate
and extent of fiber digestion in vivo, because anatomical
structure significantly influences wall accessibility to rumen
microorganisms. It is fairly difficult to conclude whether
anatomical or biochemical traits are the most important for
cell wall digestibility, all the more that lignin content and
structure is different in each type of lignified tissue.

Genetic variation for histological factors has been in-
vestigated by Méchin et al. (2000, 2005) based on Fasga-
and Méiule-stained maize stem sections in a set of 22 inbred
lines. The cortical area, the thickness of cell layers in the
cortical sclerenchyma, the number of cell layers in the cor-
tical sclerenchyma, the non-lignified and lignified areas
(Fasga-stained blue and red areas, respectively), and the lig-
nified areas discriminated on the basis of their G and S con-
tent on the Méule-stained section were proven to be sub-
stantially variable between lines (Fig. 2). The number of
cell layers in the cortical sclerenchyma varied from 2 to 4

Table 3 Genetic variation in maize stems for phenolic contents. Data from (1) Méchin ez al. 2000, (2) and (3) INRA Lusignan unpublished results. ADL
(acid detergent lignin) and KL (Klason lignin) as NDF % (neutral detergent fiber); pCA (p-coumaric acid) and FA (ferulic acid) as mg/g NDF; H, G, and S
(p-Hydroxyphenyl, Guaiacyl, Syringyl) lignin units released after thioacidolysis, and Hn, Vn, Sn (p-Hydroxybenzaldehyde, Vanillin, Syringaldehyde) lig-
nin units released after nitrobenzene oxidation as pmol/g KL. Analytical methods used in experiments 2 and 3 were the same as in experiment 1.

Genotype ADL KL Ester pCA  Ester FA Ether FA Lignin subunits

13 lines (1) H G S S/G
mini 4.97 14.7 17.3 - 1.41 10 301 430 1.03
maxi 9.55 19.9 27.8 - 232 30 591 632 1.79
mean 6.90 17.1 21.5 - 1.80 16 380 515 1.40

19 lines (2) Hn Vn Sn Sn/Vn
mini 3.14 10.6 8.1 533 0.99 76 290 256 0.94
maxi 4.82 14.1 11.5 6.06 1.26 109 451 380 1.23
mean 4.07 12.4 10.3 5.79 1.12 92 355 310 1.04

23 lines (3)
mini 3.89 11.6 7.0 4.70 1.05 92 372 373 0.85
maxi 6.43 17.3 16.9 6.70 2.36 212 682 751 1.24
mean 5.49 154 12.0 5.66 1.35 157 530 558 1.05
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Fig. 2 Variation for lignification traits in stalk parenchyma and fibers of three maize inbred lines. Maize inbred lines Cm484, F2, and LH224 have
increasing lignin contents and decreasing values of cell wall digestibility. Transversal histological slides in basal internode of mature maize plants show
non-lignified and lignified areas which are Fasga-stained in blue and red, respectively. Parenchyma of Cm484 is not lignified, while is nearly completely
lignified in F2. Vascular fibers of LH224 are strongly lignified, while their lignification is low in F2.

between inbred lines, with a variation in cell layer thickness
in the cortical sclerenchyma ranging from 34 to 69um.
Furthermore, the lignified (red) area ranged from 1 to 5-fold
higher in maize stalk cross section. Lines such as F2 and
LH224 had thus a highly lignified parenchyma while others
as Cm484 had a slightly, even non-lignified, parenchyma
(Fig. 2). Lignification intensities in fibers surrounding
vascular bundles were also greatly variable, very important
in LH224 as compared to F2 or Cm484 (Fig. 2). Moreover,
fiber lignification intensities were not related to those of
parenchyma. These results strengthen the importance of the
understanding of regulations of lignification in each tissue,
which appeared (partly) independent towards the definition
of maize and grass ideotypes.

VARIATION IN EXPRESSION OF MAIZE LIGNIN
PATHWAY GENES

Gene expression variation in internodes according
to their physiological maturity

Based on expression data of Guillaumie et al. (2007b), the
expression of phenylpropanoid and related genes in young
stems of 20-day-old plants is highly correlated with their
expression in the older basal internodes of silking plants (r
= 0.91). Conversely, gene expression in lignifying ear inter-
nodes of silking plants is more weakly related to their ex-
pression in basal internodes (r = 0.55), and to a still lower
extent with their expression in young stems (r = 0.31). Sev-
eral genes are not significantly expressed in young stems, or
are no longer expressed in physiologically old basal inter-
nodes, whereas they are fully expressed in ear internode at
silking stage. Moreover, some family members appear of
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weak importance in the lignin constitutive pathway, based
on their level of expression.

An inventory of phenylpropanoid and related genes ex-
pressed in basal (physiologically old) and ear (physiologic-
ally young) internodes of silking plants (Table 2), have
been conducted from data of Guillaumie er al. (2007b).
Three PAL out of the four investigated genes appeared of
importance in the maize lignin pathway. One PAL gene is at
least equally expressed as the previously described MZEPAL
gene (www.MaizeGDB.org). CCoAOMTS5 and CCoAOMT?2
appeared to be more specifically expressed in physiolo-
gically young internode, while CCoAOMT3 appeared to be
more specifically expressed in physiologically old internode.
CCoAOMTI1 and CCoAOMTH4 genes appeared to be of less
importance than the other three genes in the constitutive lig-
nin pathway. Only five out of the eight investigated CCR
genes have a significant expression in basal internode, res-
pectively, while all CCR genes were significantly expressed
in the ear internode. Possibly due to the absence of data for
other FSH genes, the FSH1 expression was much lower
than the COMT expression in ear or basal internodes. More-
over, FSH1 and COMT expression was nearly four times
higher in ear than in basal internode. In older basal inter-
node, the ZmCAD1 gene was more expressed than the ref-
erence ZmCAD2/bmI gene. In ear internodes, the strongest
expressed gene was as expected the ZmCAD2/bml gene.
However, the SAD gene, which is the closest ortholog to
the aspen gene, and the ZmCADI1 gene were also greatly
expressed. For the oxidative polymerization of monolignols,
laccase genes appeared to be more expressed than peroxi-
dase genes. Moreover, genes of these two families appeared
to be more expressed in basal older internode than in youn-
ger ear internode, probably because they correspond to the
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last step of cell wall lignification. All these gene expression
results emphasize the importance of multigene families in
the maize lignin pathway. Moreover, in each family, the
most expressed gene(s) are not always those currently con-
sidered or described in the maize lignin pathway, and the
weak expression of several key-genes strengthens the hypo-
thesis that all members of several families have not been yet
discovered.

Variation of lignin pathway gene expression in
maize brown-midrib mutants

Expression studies of phenylpropanoid and related genes in
young lignifying stems of bmli, bm2, bm3, and bm4 plants
(Guillaumie et al. 2007a) have given a complementary cha-
racterization of these mutants with original information on
the lignin pathway.

In young stems of 20-day-old plants (Guillaumie et al.
2007a), the ZmCAD2 gene was, as expected, under-ex-
pressed in bm/ plants in agreement with the previous obser-
vation of enzymatic activities by Halpin et al. (1998). How-
ever, all other investigated CAD and SAD genes were also
under-expressed, simultaneously with several regulatory
genes including MYB, AGO and HDZip genes. It was there-
fore considered that the bm/ mutation occurs in a gene lo-
cated in bin 5.04, close to the ZmCAD2 gene, which regu-
lates the expression of several members of the CAD/SAD
gene family. The involvement of an interfering RNA pro-
cess causing the under-expression of the CAD genes in bm/
plants was thus hypothesized, since the most under-expres-
sed AGO gene (AY111249) in bml plants was likely, from
synteny data with rice, located in maize bin 5.04, nearly 1
cM upstream the ZmCAD?2 gene.

In young stems of the dm2 mutant, the maize gene
ZmZAGS (SHATTERPROOF MADS- box SHP1 ortholog)
gene was under-expressed to nearly the same level as the

disrupted COMT gene in dbm3 plants. Simultaneously, the
AGO ortholog (AY104211) and the ATHB-8 HD-zip III or-
tholog (C0O529337) were also greatly under-expressed. A
lower expression of an AGO gene would induce a lower rep-
ression of target genes (Baumberger and Baulcombe 2005).
The contrasting pattern of expression of ZmZAGS, AGO,
and ATHB-8 HD-zip III regulation genes between bm3
plants with low S content in lignins, and bm2 plants with
low G content in lignins is surely a significant clue in
monomer regulation, or in patterning of S and G rich tissues.
The SHP1 gene, together with SHP2, is considered to spe-
cify the lignified valve margin of mature Arabidopsis
siliques (Liljegren ef al. 2000) and both AGO and ATHB-8
HD-zip III genes are involved in miRNA regulation. This
simultaneous modified expression of AGO and HD-Zip II]
genes in bm2 plants strengthen the hypothesis of a bm2 mu-
tation affecting a gene involved in the RNAI silencing com-
plex in a collaborative action with the maize ZmZAGS5 gene,
which is not yet understood. It should have consequences
on the formation of G-rich tissue and/or possibly the xylem/
phloem ratio, which could be related to the tissue-specific
lignification disturbance observed in bm2 mutants
(Vermerris and Boon 2001).

The pattern of gene expression in bm4 young stems
(Guillaumie ef al. 2007a) resembles in part those observed
in bml and bmZ2 mutants, but with a lower number of under-
expressed genes that were less under-expressed than in bm/
and bm?2 plants. Moreover, the bm4 mutant is characterized
by the over-expression of phenylpropanoid and methylation
genes. As it was considered from biochemical data, the bm4
mutation is poorly understood even after these expression
studies. It can be hypothesized the bm4 mutation affects a
gene involved in the regulation of lignification or lignified
tissue patterning.

Expression studies of phenylpropanoid and related
genes in young lignifying stems of bm3 plants (Guillaumie

Table 4 Expression of several O-methyltransferase and regulation genes in ear internode of normal and bm3 INRA F2 isogenic plants at silking stage.
Normalized expression values are given for the F2 line, with the F2bm3/F2 ratio of signal intensities. Results are based on data of Guillaumie (2006),
expression values higher than 2.0 or lower than 0.5 are significantly higher or lower than reference values, respectively.

Genes mRNA Gene expression
F2 F2bm3/F2
Caffeic acid O-methyltransferase (COMT bm3) M73235 142203 0.05
Caffeoyl CoA O-methyltransferase (CCoAOMT1) AJ242980 21976 0.88
Caffeoyl CoA O-methyltransferase (CCoAOMT2) AJ242981 47434 0.77
Caffeoyl CoA O-methyltransferase (CCoAOMT3) AY'104670 23740 3.18
Caffeoyl CoA O-methyltransferase (CCoAOMT4) AI855419 13947 2.38
Caffeoyl CoA O-methyltransferase (CCoAOMTS) AY'108449 51550 1.01
O-methyltransferase (OMT ZRP4 ortholog) AY105091 14318 1.70
O-methyltransferase (OMT ZRP4 ortholog) AY108765 26598 1.71
ARGONAUTE CD441197 13525 3.64
ATHB-8 HD-zip III C0529337 14535 2.88
ZmZAGS (SHATTERPROOF MADS-box SHP1) 146398 15008 3.50

Table 5 Expression variation of lignin pathway genes in the two F268 and F286 maize lines at silking stage. F268 and F286 differed in lignin content (6.4
and 5.2% ADL/NDEF, respectively, NDF and ADL according Goering and van Soest 1970) and cell wall enzymatic degradability (22 and 32% NDF degra-
dability, respectively, NDF enzymatic degradability according to Struik 1983 and Dolstra and Medema 1991). Normalized expression values are given for
the F268 line, with the F286/F268 ratio of signal intensities. Unpublished data of INRA Lusignan and UMR5546 Toulouse obtained with same methods as
those used by Guillaumie et al. (2007a), expression values higher than 2.0 or lower than 0.5 are significantly higher or lower than reference values, res-

pectively.
Genes of the lignin pathway mRNA Expression in silking plants
F268 F286 / F268

Phenylalanine / Tyrosine ammonia lyase AC185453 57310 0.31
Phenylalanine / Tyrosine ammonia lyase (MZEPAL) AY'103947 31307 0.70
Phenylalanine / Tyrosine ammonia lyase AY106831 116420 0.26

4 Coumarate CoA ligase (4CL1) AY105108 14672 0.42
Caffeoyl CoA O-methyltransferase (CCoAOMT1) AJ242980 9656 0.77
Caffeoyl CoA O-methyltransferase (CCoAOMT2) AJ242981 13612 0.74
Caffeoyl CoA O-methyltransferase (CCoAOMT3) AY 104670 18453 0.82
Caffeoyl CoA O-methyltransferase (CCoAOMT4) AI855419 7923 0.79
Caffeoyl CoA O-methyltransferase (CCoAOMTS) AY'108449 71160 0.39

Caffeic acid O-methyltransferase (COMT) M73235 81210 0.36
Cinnamyl alcohol dehydrogenase (ZmCAD?2) Y13733 42403 0.35
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et al. 2007a) were strengthened with a study in silking bm3
plants (Guillaumie 2006). As expected the disrupted COMT
was greatly under-expressed in bm3 plants, similar to a null
expression, with activation of alternative methylation path-
ways. In young stems, two O-methyl transferase (OMT)

and two cytochrome P450 genes were significantly over-ex-
pressed. In the ear internode of silking plants, CCoOAOMT?3
and CCoAOMT4 genes were highly over-expressed despite
they are considered to have a low affinity towards 5-hydro-
xy-coniferaldehyde (Table 4). Complementarily, two other

Table 6 Putative QTL for lignin content observed in eight recombinant inbred line progenies in per se value experiments. Data from (1) 100 RIL F2 x Io
(Méchin et al. 2001), (2) 131 RIL F288 x F271 (Roussel et al. 2002), (3) 242 RILs F838 x F286 (INRA - ProMais unpublished data), (4) 186 RIL B73 x
B52 (Cardinal et al. 2003b), (5) 200 RIL B73 x De811 (Krakowsky er al. 2005; Krakowsky, com. pers.), (6) 140 RIL F11 x F2 (INRA - Biogemma
unpublished data), (7) 231 RIL F7025 x F4 (INRA - Biogemma unpublished data), (8) 164 RIL FR x WM13 (INRA - RAGT/R2n unpublished data). ADL
is acid detergent lignin according to Goering and van Soest (1970) and is expressed as % DM (dry-matter, RIL 4, 5) or % NDF (neutral detergent fiber,
RIL 1, 2, 3, 6, 7, 8). QTL positions and support intervals are given as centimorgans (cM) on each chromosome. Maize bins are successive areas nearly
equal to 20 cM separated by RFLP markers on each chromosome. Lod values indicate how much probable is the presence than the absence of the QTL,
according to Lander and Botstein (1989). R? is the percentage of ADL lignin phenotypic variation explained by the QTL and line (+) increased the ADL

lignin content. Analytical methods used in experiments 3, 6, 7, and 8 were the same as in experiment 2.

RIL progeny RIL reference Chr-pos Bin Closest marker Support interval  lod R? Line (+)
FI1 x F2 6 1-60 1.02 umc1976 52-72 3.8 12 F2
F838 x F286 3 1-80 1.02 bnlgl178 66-92 35 6 F838
F7025 x F4 7 1-76 1.03 bnlgl76 68-86 9.5 17 F7025
F838 x F286 3 1-174 1.05/06 bnlg1832 148-190 42 8 F838
FR x WM13 8 1-112 1.06 umc1838 106-118 5.0 13 FR
B73 x B52 4 1-124 1.07 bnlg615 114-128 5.6 16 B52
B73 x De811 5 1-151 1.07 umc33a 145-160 4.7 17 De811
B73 x B52 4 1-179 1.10 isul06a 160-186 35 5 B52
Fl11 x F2 6 2-2 2.00 umc2246 0-10 3.6 13 Fl1
F7025 x F4 7 2-102 2.02 bnlg2277 78-110 3.1 6 F7025
FR x WM13 8 2-72 2.06 bnlg1831 66-80 8.5 21 WMI13
F7025 x F4 7 2-156 2.07 bnlg1045 134-168 3.0 6 F7025
B73 x B52 4 2-110 2.08 umc4 100-118 5.3 6 B52
B73 x De811 5 2-112 2.08 phil27 105-115 7.4 14 De811
F838 x F286 3 2-192 2.09 bnlgl1520 188-192 55 10 F286
Fl1 x F2 6 32 3.01 umc1746 0-8 4.0 13 F2
Fl1 x F2 6 3-22 3.01 umc2377 18-30 52 16 Fl1
B73 x B52 4 3-24 3.01 umcl2la 12-38 34 7 B73
B73 x De811 5 3-39 3.02 php20042 20-50 3.0 6 De811
FR x WM13 8 3-90 3.04 bnlg1505 70-104 6.2 16 WM13
B73 x B52 4 3-62 3.04/05 dupssr5 60-73 11.7 17 B52
F288 x F271 2 3-140 3.05/06 bnlg1505 132-150 2.6 11 F271
FR x WM13 8 3-120 3.08 umc2048 116-134 3.4 9 FR
FR x WM13 8 3-164 3.08 umc1320 154-166 3.0 8 FR

Io x F2 1 4-92 4.05 sc315s 82-104 2.4 10 Io
F7025 x F4 7 4-72 4.06 bnlg252 64-80 7.3 14 F4
F7025 x F4 7 4-128 4.08 bnlg2162 124-142 32 6 F4
FR x WM13 8 4-114 4.08 dupssr28 104-122 3.1 9 FR
B73 x B52 4 4-182 4.10 bnlg589 170-192 3.0 4 B73
F7025 x F4 7 5-58 5.03 bnlg1046 38-74 2.8 5 F4
B73 x De811 5 5-59 5.03 bnl5.02 55-65 5.4 12 De811
B73 x B52 4 5-62 5.03 bnl7.43 57-63 4.1 11 BS2
FI1 x F2 6 5-104 5.03 umc2296 94-112 5.0 16 F2
B73 x De811 5 5-83 5.04 bnl7.71 70-95 3.4 7 B73
FR x WM13 8 5-90 5.05 umc1482 72-102 3.7 10 WM13
B73 x B52 4 5-116 5.06 phi087 114-120 32 4 B73
B73 x De811 5 5-136 5.07 phil28 125-140 35 16 B73
F288 x F271 2 6-20 6.01 bnlg1867 10-24 2.0 7 F271
FI1 x F2 6 6-22 6.01 phi077 18-30 39 12 F2
F7025 x F4 7 6-92 6.04 umcl857 80-102 52 10 F7025
B73 x B52 4 6-70 6.05 umc21 60-74 4.0 11 BS2
B73 x De811 5 6-71 6.05 bnl5.47 65-85 11.3 17 De811
F288 x F271 2 6-184 6.06 bnlg345 162-194 6.5 20 F271
B73 x De811 5 6-116 6.07 phil23 105-125 3.1 6 De811
F838 x F286 3 7-6 7.00 bnlg2132 0-20 33 6 F286
B73 x De811 5 7-147 7.06 umcl68 140-150 3.5 6 B73
B73 x B52 4 8-64 8.03 phi081 62-68 4.2 4 BS2
F7025 x F4 7 8-88 8.05/06 bnlg1782 78-96 7.3 14 F4
B73 x B52 4 8-156 8.08 phi080 148-164 2.0 4 BS2
F838 x F286 3 8-156 8.09 umc1638 136-172 3.4 6 F838
F288 x F271 2 9-110 9.02 bnlg1401 98-122 33 11 F288
Fl11 x F2 6 9-86 9.05 bnlgl1270 74-100 3.1 10 Fl1
B73 x De811 5 9-96 9.06 npi209 90-100 2.6 6 B73
F7025 x F4 7 9-124 9.06 bnlgl191 122-134 6.3 12 F7025
F838 x F286 3 10-32 10.02 umc1337 24-40 5.7 10 F286
Fl11 x F2 6 10-58 10.03 bnlg1079 54-66 3.1 10 F2
B73 x B52 4 10-110 10.05 npi232 96-116 8.8 13 B73
FR x WM13 8 10-102 10.06 bnlg2190 94-108 6.3 17 FR
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OMT genes were slightly over-expressed and could also be
considered as active on 5-hydroxy-coniferaldehyde. No
transcription factors were deregulated in young bm3 stems,
while several transcription factors or regulation genes were
deregulated in the ear internode of bm3 silking plants. More
especially, the ZmZAGS5 ortholog to Arabidopsis SHAT-
TERPROOF MADS-box SHP1, the ARGONAUTE (AGO)
ortholog (AY104211), and the ATHB-8 HD-zip III ortholog
(CO529337) were three times or more over-expressed
(Table 4).

Variation of lignin pathway gene expression in
differentially lignified maize lines

Previous results have strengthened the effect of physiologi-
cal tissue maturity and hm mutations on gene expression in
the lignin pathway. Complementarily, genotype effects on
gene expression were recently investigated in ear internode
of silking plants of two flint lines with different lignin con-
tent and cell wall enzymatic degradability (5.2 and 6.4%
ADL/NDF, and 32 and 22% IVNDFD, in F286 and F268,
respectively; ADL and NDF are Acid Detergent Lignin and
Neutral Detergent Fiber according Goering and van Soest
1970; IVNDFD is in vitro NDF digestibility according to
Struik (1983) and Dolstra and Medema 1990). Several
genes of the lignin pathway appeared under-expressed in
the line which has the lower lignin content (F286). Especi-
ally two PAL, CCoAOMTS, COMT, and ZmCAD2 genes
had a 3-fold reduced expression level in F286, while the
4CL1 was half expressed (Table 5). Shi et al. (2007) have
also observed a lower expression of the ZmCAD?2 and PAL
genes in two sets of RIL differing for their cell wall diges-
tibility. Several genes of the lignin pathway and their
regulation factors might thus be relevant target for breeding
grasses with modified lignin contents, after these findings
have been validated in other genetic backgrounds.

QTL ANALYSES FOR PHENYLPROPANOID
CONTENTS IN GRASS CELL WALLS

Genetic variation for traits related to lignification has al-
lowed the development of different RIL progenies and
determination of genomic locations involved in lignin traits.
QTL for lignin content in maize are available at least from
data in eight RIL progenies (Table 6). Based on ADL/NDF
(or ADL in dry-matter) content measurements, 58 QTL
have been found, 26 of which explained at least 10% of the
phenotypic variation for lignin content in different RIL pro-
genies. A meta-analysis was investigated based on a pro-
jection of all maps and QTL on the reference map IBM2
Neighbors (www.MaizeGDB.org) with the Biomercator
software (Arcade et al. 2004), followed by a restriction of
markers to those of the reference map IBM_GNP2004 map
(Falque et al. 2005). After projection, the 58 individually
observed QTL corresponded to no more than 43 different
locations (Fig. 3). QTL were scattered throughout the maize
genome, excegt on chromosome 7 which carried only two
QTL of low R” values. Several QTL were found in isolated
locations although they have high R? values in individual
progenies. An important hot-spot was observed in bin 5.03
(/5.04) in the upstream region of the bm/ location with a
cluster of five QTL. Similar colocalizations gathering three
QTL were observed in bin 2.08, 6.04 and 9.06, respectively.
Two QTL colocalized exactly in bin 1.07, with alleles in-
creasing lignin content that originate from the corn borer
resistant lines B52 and DE8I11. In bin 4.05, two QTL were
found in a similar location close to the bm3 position. Other
colocalizations of two QTL were observed in bins 3.01,
4.08, 6.06, and 8.08, respectively.

No QTL has been described to date for H, G, and S lig-
nin units in grasses, except one QTL for S/G ratio given by
Ni ef al. (1998) in bin 7.02. Only two investigations (Ni et
al. 1998; Fontaine et al. 2003b) are available giving QTL
positions for pCA and FA content in grasses (Table 7).
Among the five QTL for pCA content, two were located in
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bins 7.02 and 9.01, respectively, in which no QTL for lignin
content were found in any of the eight available RIL proge-
nies. Similarly, only one QTL for esterified FA content out
of three was located in a location (bin 4.08) in which a QTL
for lignin content has also been found. QTL for etherified
FA content have been detected in four locations (Ni et al.
1998; INRA Lusignan unpublished data). In rice, three QTL
for FA content were found by Dong et al. (2005), based on
an analytical method measuring simultaneously free and
cell-wall-linked ferulate. Two QTL out of three explained
more than 10% of the phenotypic variation. The first QTL
was located on the upper part of the rice short arm of chro-
mosome 3, which is highly collinear with the short arm of
maize chromosome 1 and the inverted long arm of maize
chromosome 9 (The Rice Chromosome 3 Sequencing Con-
sortium 2006). This rice QTL could thus be orthologous to
the one found by Ni ef al. (1998) close to the bm4 gene
which has been mapped in bin 9.06/08, at the bottom of
chromosome 9.

Putative candidate genes are available for several loca-
tions but most candidate genes have not been validated. For
several other QTL, relevant candidate genes have yet to be
defined. Whereas brown-midrib mutations were proven to
affect lignin content and structure, no QTL were observed
in bins 1.11 and 9.06/08, which contain the bm2 and bm4
genes, and only one in the same position as the bm/ gene.
Complementarily, only two QTL were observed in bin 4.05,
a result which is somewhat contradictory with the great im-
pact of the hm3 mutation and COMT down-regulation on
lignin content (Piquemal et al. 2002; He et al. 2003), or
with the lower expression of COMT gene in lower lignified
lines. It could thus be considered that the expression of the
COMT gene is regulated by transcription factors located
elsewhere in the genome and likely in one of the other loca-
tions supporting lignin QTL. It could be also supposed that
the under-expression of the COMT gene is related to down-
regulation of the whole pathway with a coordinate regula-
tion of at least PAL, CCoAOMT and COMT (Table 5). PAL
homologs are mapped in bin 5.05, 2.03, and 4.05 (pall, pal2,
pal3 or bnll17.23, bnl17.23b, and bnll17.23c, respectively,
www.MaizeGDB.org), in locations which are similarly not
QTL-rich. The map position of all CCoAOMT genes is not
publicly available. However, these results strengthen the im-
portance of regulatory factors underlying QTL of lignin con-
tent rather than genes directly involved in the monolignol
biosynthesis. In agreement with these findings, eQTL (ex-
pression QTL) of genes putatively involved in cell wall di-
gestibility and including lignin pathway genes were investi-
gated by Shi e al. (2007). Five hotspots containing more
than 5% to more than 20% of the total number of eQTL
were found in bins 1.12, 9.04, 1.07, 3.05, and 8.03, respec-
tively, which did not correspond with QTL locations impor-
tant for lignin content.

BREEDING GRASSES WITH OPTIMAL CELL WALL
PROPERTIES

Towards a new ideotype of forage and biofuel
grass

For both animal feeding and green energy production, breed-
ing schemes only focused on cell wall traits are insufficient,
as grasses of the future must be plants capable of growing
in sustainable cropping conditions. The most relevant breed-
ing objective is therefore to increase the yield of degradable
DM, with as little as possible nitrogen and water needs,
while preserving the agronomic improvements that have
been achieved in yield stability across environments, stalk
standability, disease resistance, grain filling rate, and stay-
green performances. Due to climatic changes and global
warming, breeding for an improved capability to endure and
recover after hot and dry conditions is an inescapable objec-
tive for grasses of the future, with improved cell wall degra-
dability.

To date, most studies related to cell wall degradability
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Fig. 3 QTL mapping for lignin content after a meta-analysis from eight maize RIL progenies. Lignin is expressed as acid detergent lignin (ADL,
Goering and van Soest 1970) and cell wall is expressed as neutral detergent fiber (NDF, Goering and van Soest 1970). In bracket number of each QTL
corresponds to each RIL progeny according to the original data given in Table 6.
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Table 7 QTL for hydroxycinnamic acid content in maize stem and rice straw. Maize data from (1) 45 RIL Cm37 x T232 (Ni et al. 1998) and (2) 131 RIL
F288 x F271 (Fontaine ef al. 2003b). Rice data from (3) 165 RIL Asominori x IR24 (Dong et al. 2005). Maize ester pCA and ester FA are esterified p-
coumaric and ferulic acids, respectively, and ether Fa is etherified ferulic acid, all released after alkaline hydrolysis according to Morrison III e al. (1993).
Rice esterified ferulic acid included free ferulic acid. QTL positions and support intervals are given as centimorgans (cM) on each chromosome. Maize
bins are successive areas nearly equal to 20 cM separated by RFLP markers on each chromosome. Lod values indicate how much probable is the presence
than the absence of the QTL, according to Lander and Botstein (1989). R? is the percentage of trait phenotypic variation explained by the QTL and line

(+) increased trait values. - = missing data.

RIL progeny  chr-pos bin Closest marker Support interval Lod R? Line (+)

Maize

ester pCA 2 3-238 3.08 umcl273 218-254 22 7.5 F288

ester pCA 2 4-220 4.09/10 umc1109 210-230 2.8 9.2 F271

ester pCA 2 6-78 6.04 bnlgl617 70-100 3.1 10.3 F288

ester pCA 1 - 7.02 npi568 - - - -

ester pCA 2 9-14 9.01 mc2122 10-24 2.6 8.6 F288

ester FA 2 2-72 2.04 mcll75 64-78 2.4 8.1 F288

ester FA 2 3-74 3.03/04 bnlg1452 52-108 2.3 7.6 F271

ester FA 2 4-110 4.08 umcl418 98-116 2.6 8.7 F288

ester FA 1 - 7.02 npi568 - - - -

ether FA 2 1-220 1.06/07 bnlg1025 190-226 1.6 6.0 F288

ether FA 1 - 1.11 bm2 - - - -

ether FA 1 - 4.05 bm3 - - - -

ether FA 1 - 9.06/08 bm4 - - - -
Rice

ester FA 3 32 - G1318 0-3 2.0 55 Asominori

ester FA 3 6-47 - C574 45-49 32 16.9 Asominori

ester FA 3 7-94 - XNpb379 94-107 3.1 12.8 Asominori

improvement have been based either on lignin content or on
a global cell wall enzymatic solubility trait such as IVNDFD
or DINAGZ (in vitro digestibility of the cell wall according
to Barriere ef al. 2003). Variations in lignin content are not
sufficient to explain variations in cell wall degradability.
Therefore, an efficient breeding for increased cell wall
degradability necessitates the dissection of this trait in each
of its genetic underlying components. Esterified pCA and
etherified FA contents explained a significant part of the
phenotypic variation in enzymatic cell wall digestibility,
and an increasing proportion of ferulate dimers reduced car-
bohydrate release after enzymatic hydrolysis (Grabber ef al.
1998). How etherified ferulate reflect total ferulate and par-
ticularly diferulate cross-linking is not known (Grabber ef
al. 2004), but breeding for a reduced level of ether-linked
ferulate has improved bromegrass cell wall degradation by
rumen microorganisms (Casler and Jung 1999). Attempts to
understand the impact of lignin structure, commonly des-
cribed by the S/G ratio, on the cell wall susceptibility to en-
zymatic hydrolysis led to conflicting results (Grabber ef al.
1997; Méchin et al. 2000). However, together with high lig-
nin content, an increased proportion of H units contributed
to the hardening of maize endodermis cell walls (Degen-
hardt and Gimmler 2000; INRA Lusignan and Génoplante
unpublished data).

The future availability of highly degradable maize (or
any grass), either for animal feeding or biofuel production,
will require a new investigation of genetic resources inclu-
ding those that are not currently used, or that were never
used in plant breeding. Use of specific genetic resources is
all the more necessary as an average decline in maize plant
digestibility between 1955 and 2005 was shown to be rela-
ted to a change in germplasm for both dent and flint elite
parental lines, mostly bred for grain production (Barriére et
al. 2004a, 2005). However, most of improvements progress-
sively piled up in modern (grain) lines and hybrids should
be preserved when breeding of genotypes for high energy
value.

Adverse indirect correlated responses when
breeding maize and grass for increased cell wall
degradability

Lignins, which contribute with ferulate cross-linkages to
stalk strength and rigidity and impede cell wall degradabi-
lity, are also involved in disease and pest resistance. Several
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bm3 lines were thus more susceptible to Ustilago maydis
smut than their normal counterparts (INRA Lusignan un-
published data). Similarly, the lignin content of maize stalks
has been associated with resistance to stalk-tunneling by the
European corn borer (ECB, Ostrinia nubilalis Hiibner) and
correlated responses in ECB feeding on stalks were ob-
served after one cycle of divergent selection for lignin con-
tent in this tissue in some populations (Coors 1987; Beeghly
et al. 1997; Ostrander and Coors 1997). DIMBOA (2,4-
dihydroxy-7-methoxy-1,4-benzoxasin-3-one), which occurs
as a glucoside in intact tissue, has for a long time been
known to be involved in maize leaf feeding resistance to the
ECB first-generation (Klun ez al. 1967). Other mechanisms
by which increases in cell wall components (including lig-
nins) concentrations cause reduced ECB tunneling have
been proposed. An increase of fiber and lignin concentra-
tion may increase the bulk density in the ECB diet, reduce
nutrients and available energy, reduce ECB larvae growth,
and consequently reduce the tunneling by this insect (Roja-
naridpiched et al. 1984; Bernays 1986; Coors 1987; Buend-
gen et al. 1990; Beeghly et al. 1997). Leaf toughness cau-
sed by high concentration of cell wall components is asso-
ciated with resistance to ECB feeding (Bergvinson et al.
1994). Moreover, leaf and stalk stiffness caused by cross-
linkages between cell wall components (Grabber ef al. 1995,
2000a; MacAdam and Grabber 2002; Barriére et al. 2004b,
2005) is likely also a trait involved in ECB tolerance.

QTL involved in stalk tunneling length and/or damage
rating under infestation of European corn borer have been
investigated in six studies, corresponding to nearly 48 bin
locations (Schon et al. 1993; Bohn et al. 2000; Papst et al.
2001; Cardinal et al. 2001; Jampatong ef al. 2002; Cardinal
et al. 2003a; Krakowsky ef al. 2004). In the B73 x B52 and
B73 x De811 RIL progenies, three QTL for ECB tunneling
were associated with QTL for cell wall components content
in a manner expected for pleiotropic mechanisms (Cardinal
et al. 2003b; Krakowsky et al. 2004; Cardinal and Lee
2005). Moreover, based on lignin QTL meta-analysis and
ECB data, colocalizations of QTL for corn borer resistance
and lignin content are expected primarily in bins 1.07, 2.08,
5.03, 5.05, 6.07. Although none of the QTL detected for in
vitro digestible organic matter of stover colocalized with
QTL for ECB tunneling/damage in the study of Papst et al.
(2001), several of the QTL involved in corn borer resistance
correspond to locations also involved in cell wall digestibi-
lity (Ralph et al. 2004a). However, QTL colocalization for
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different traits is not proof of common genetic mechanisms,
but it cannot be dismissed that cell wall content, lignin con-
tent and composition, and tissue stiffness are traits involved
in ECB tolerance. Genotypes with high cell wall digestibi-
lity could therefore be more susceptible to pest damages
and alternative genetic mechanisms for insect resistance
may be needed for the improvement of forage or biofuel
maize. Therefore, corn borer susceptibility should be esti-
mated simultaneously with lignin and cell wall digestibility
traits, and be used as one selection criteria in forage or bio-
fuel maize improvement programs.

Functional markers in breeding for higher cell wall
digestibility

Efficient breeding for quantitative or complex traits such as
cell wall qualities can be improved by the use of marker
assisted selection (MAS). As soon as a QTL has been detec-
ted and validated, its marker assisted introgression based on
the two flanking markers into an elite genetic background is
possible. The major drawback of anonymous genetic mar-
kers (isozymes, or random DNA markers such as micro-
satellites, AFLP, RFLP, etc.) is that their predictive value
depends on the known linkage phase between markers and
target locus alleles (Liibberstedt ef al. 1998). Thus, (quanti-
tative) trait locus mapping is necessary for each cross de
novo, as different subsets of QTL are polymorphic in indi-
vidual populations, and linkage phases between marker and
QTL alleles can disagree even in closely related genotypes.

In contrast to anonymous genetic markers and accor-
ding to Andersen and Liibberstedt (2003), functional mar-
kers (FM) are derived from polymorphic sites within genes
causally involved in phenotypic trait variation. Once gene-
tic effects have been assigned to functional sequence motifs,
FM derived from such motifs can be used for fixation of
gene alleles (defined by one or several FM alleles) in a
number of genetic backgrounds without additional calibra-
tion. FM development requires first functionally characteri-
zed genes and allele sequences from such genes. Secondly,
polymorphic and functional motifs affecting plant pheno-
type within these genes must be identified followed by a
validation of associations between DNA polymorphisms
and trait variation in a large set of germplasm. However, in
heterogeneous genotype collections, associations identified
for specific sites might be confounded with effects from
other genome regions especially in case of population strati-
fication (Pritchard ez al. 2000), which needs to be taken into
account for interpretation of results from association studies.
Finally, application of FM also depends on the availability
of robust marker assay technologies.

Whereas assignment of an “agronomic function” to
short sequence motifs can be achieved by candidate gene
based association studies (Risch 2000), this approach is
limited by linkage disequilibrium (LD), i.e. haplotype struc-
tures in the gene(s) of interest. However, for several genes,
a generally low LD was detected in maize (Remington et al.
2001; Flint-Garcia et al. 2003), including examples in elite
materials (Zein et al. 2007). Thus, candidate gene-based
association studies are promising in maize. Varying levels
of LD have previously been observed between genes of the
phenylpropanoid pathway, decaying within few hundred
bps for CCoOAOMT2 and COMT (Guillet-Claude et al.
2004a; Zein et al. 2007) while spanning more than 3.5 kb at
the PAL locus (Andersen et al. 2007).

Several candidate genes in relation to lignification (and
forage quality) are meanwhile available from maize (Guil-
laumie et al. 2007b), or Arabidopsis (Costa et al. 2003;
Goujon et al. 2003; Raes et al. 2003) investigations. The
next step towards development of functional markers in
maize breeding for cell wall quality traits is the identifica-
tion of polymorphisms within these genes causally affecting
the target trait. First reports on association studies for genes
involved in cell wall biosynthesis confirm that genes of this
pathway are promising targets for identification of polymor-
phic sites associated with cell wall quality, and thus for FM
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development. Zein et al. (2007) investigated the sequence
variation at the COMT/bm3 locus in a collection of 42 Euro-
pean maize inbred lines, variable for their stover [VNDFD
and representative of elite germplasm for maize breeding in
Central Europe. For association studies, stover digestibility
has been investigated in six environments between 2001
and 2003 in Germany (heritability higher than 0.9). One
INDEL polymorphism within the intron revealed significant
association with stover digestibility (Liibberstedt e al. 2005).
Complementarily, in a study of Guillet-Claude ef al. (2004a),
polymorphisms both in the COMT/bm3 and the CCoAOMT?2
coding genes showed significant association with maize
digestibility. Such an association was not observed for the
CCoAOMTI1 gene, in agreement with expression results
showing that this gene is weakly involved in the constitu-
tive lignin pathway. A PAL gene was investigated in a set of
32 European elite inbred lines (Andersen et al. 2007). A
one-bp deletion in the second exon of PAL, introducing a
premature stop codon, was associated with a higher plant
digestibility. Similarly, a polymorphism in the maize per-
oxidase gene ZmPox3, based on an insertion of a MITE
also inducing a premature stop codon, was significantly as-
sociated with maize digestibility (Guillet-Claude er al.
2004b). Increasing availability of candidate gene sequences,
and especially allele sequences for these candidate genes
such as for the COMT, CCoOAOMT2, CCoAOMTS5, SAMS,
ZmZAGS, ..., will allow development of cost-efficient mul-
tiplexed single nucleotide polymorphism (SNP) marker as-
says. Whereas “traditional” DNA markers are assayed one
by one or at low multiplex scale, SNP technology, driven by
technological advance in human diagnostics, allows mean-
while parallel assessment of more than 1000 markers simul-
taneously. A recent example in higher plants is the estab-
lishment of a 1000-loci transcript map in barley (Stein et al.
2007), by using the Illumina Golden Gate Assay. Several
other established SNP detection technologies provide suf-
ficient flexibility, as required in plant breeding, to identify
the economically optimal method for screening thousands
of genotypes with a low or intermediate number of markers
versus screening a moderate number of genotypes at high
marker density. In conclusion, marker-assisted selection can
be foreseen to become cheaper, while markers derived from
candidate genes become increasingly more informative. As
a tentative conclusion, availability of qualified candidate
genes in the lignin pathway can be effectively converted
into informative molecular markers by means of association
studies. More can be expected with the discovery of genes
involved in lignified tissue patterning and in regulation of
lignification in each of these tissues.

CONCLUSIONS

Grass lignins are characterized by the specific amounts of H,
G, and S units in the polymers, the importance of acylation
of S units by pCA4, and the importance of cross-linkage of G
lignin units and arabinoxylans via FA bridges. Genes in-
volved in the monolignol biosynthesis are known, while
those involved in FA biosynthesis are to date partly hypo-
thetic. However, the involvement of particular members
within multigene families in each specific tissue and /or in
each step of the biosynthesis remains for each of monolig-
nols and p-hydroxycinnamic acids to be discovered. Speci-
fic channels for the biosynthesis of H, G, S, pCA and FA
components, rooted more or less early in the shikimate or
lignin pathways, correspond to a probable hypothesize with
different members of multigene families and different
groups of regulation factors involved in each route.

When taking the extent of cell wall polymer diversity
(phenolics, carbohydrates, proteins) into consideration, the
complex regulations that take place during growth towards
establishment of tissue patterning, dynamic changes that
occur during development and maturation of a given cell
wall, the high degree of cell wall specificities in different
cell types, it can considered that several hundreds or even
thousands of genes are required for proper and coordinated
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cell wall formation. QTL investigations have shown that at
least 40 different loci are involved in controlling lignin con-
tent of maize, and likely ten or more have to be added if
considering lignin monomeric composition and hydroxycin-
namic acid content. According to publicly available and pri-
vate data, several genes of the lignin pathway are mapped in
locations corresponding to those where lignin content QTL
were found. However, unknown genes, or genes with un-
known functions, but involved in regulation of lignin path-
way genes are likely more determinant factors of cell wall
lignification traits (an subsequently of degradability varia-
tion), than variation in efficiency of structural genes of the
lignin pathway. This has to be considered for the develop-
ment of functional markers or the choice of target genes in
mutant or transgenic approaches. Similarly genes involved
in regulation of modes and duration of cell wall growth, tis-
sue patterning, and cross-linkage of components are additi-
onal key-factors in understanding lignification in grasses.

Gene mining should be based on cell wall-related geno-
mic and proteomic data sets which are now available in her-
baceous model species such as Arabidopsis (Zhao et al.
2005; Jamet et al. 2006), zinnia (Milioni et al. 2001; De-
mura et al. 2002; Pesquet et al. 2005b, 2006), and also
woody species including poplar (Hertzberg ef al. 2001),
pine and spruce (Pavy et al. 2005a, 2005b). For monocot
species, resources and databases devoted to cell wall bio-
synthesis and assembly are emerging. A high throughput,
FTIR-based screen has been set up to identify maize plants
with modifications in wall assembly or architecture from
the UniformMu maize mutant population developed at the
University of Florida (http://cellwall.genomics.purdue.edu).
A bio-informatic and gene expression database of cell wall
genes in maize has been published by Guillaumie et al.
(2007b). Complementarily, a source of NMR data of lignin
model compounds devoted to grasses has been designed at
the USDA Forage Center (Ralph et al. 2004b). The search
of genes specifically expressed in monocot based on a com-
parative bio-analysis approach has also been proven effici-
ent (Mitchell and Shewry 2007) and should be developed
between maize, sorghum, sugarcane and rice against Arabi-
dopsis and other herbaceous or woody dicotyledons.

Genetic resources are available for an efficient short
and possibly medium term cell wall degradability improve-
ment of flint and dent lines even if most of modern elite
dent lines have low cell wall digestibility. However, studies
to understand the genetic and biochemical basis of cell wall
qualities are a prerequisite for medium and long term im-
provements of forage and biofuel production.

ACKNOWLEDGEMENTS

The French Ministry of Research and the seed companies involved
in the French Genomic project "Génoplante", and the seed compa-
nies involved in the PROMAIS - INRA network are thanked for
their funding of numerous works quoted in this review.

REFERENCES

Abdulrazzak N, Pollet B, Ehlting J, Larsen K, Asnaghi C, Ronseau S,
Proux C, Erhardt M, Seltzer V, Renou JP, Ullmann P, Pauly M, Lapierre
C, Werck-Reichhart D (2006) A coumaroyl-ester-3-hydroxylase insertion
mutant reveals the existence of nonredundant meta-hydroxylation pathways
and essential roles for phenolic precursors in cell expansion and plant growth.
Plant Physiology 140, 30-48

Andersen J, Liibberstedt T (2003) Functional markers in plants. Trends in
Plant Science 8, 554-560

Andersen JR, Zein I, Wenzel G, Krutzfeldt B, Eder J, Ouzunova M, Liib-
berstedt T (2007) High levels of linkage disequilibrium and associations
with forage quality at a Phenylalanine Ammonia-Lyase locus in European
maize (Zea mays L.) inbreds. Theoretical and Applied Genetics 114, 307-319

Arcade A, Labourdette A, Falque M, Mangin B, Chardon F, Charcosset A,
Joets J (2004) BioMercator: integrating genetic maps and QTL towards dis-
covery of candidate genes. Bioinformatics 20, 2324-2326

Arriaga MO (2000) Austral South American species of Erichloa. In: Jocobs
SWL, Everest J (Eds) Grasses, Systematics and Evolution, CSIRO Mel-
bourne, pp 141-148

151

Baima S, Possenti M, Matteucci A, Wisman E, Altamura MM, Ruberti I,
Morelli G (2001) The Arabidopsis ATHB-8 HD-zip protein acts as a dif-
ferentiation-promoting transcription factor of the vascular meristems. Plant
Physiology 126, 643-655

Barriére Y, Alber D, Dolstra O, Lapierre C, Motto M, Van Waes J, Vlas-
minkel L, Welcher C, Monod JP (2005) Past and prospects of forage maize
breeding in Europe. I. The grass cell wall as a basis of genetic variation and
future improvements in feeding value. Maydica 50, 259-274

Barriére Y, Emile JC, Traineau R, Surault F, Briand M, Gallais A (2004a)
Genetic variation for organic matter and cell wall digestibility in silage maize.
Lessons from a 34-year long experiment with sheep in digestibility crates.
Maydica 49, 115-126

Barriére Y, Goncalves G, Emile J, Lefevre B (2004b) Higher intake of DK265
corn silage by dairy cattle. Journal of Dairy Science 87, 1439-1445

Barriére Y, Guillet C, Goffner D, Pichon M (2003) Genetic variation and
breeding strategies for improved cell wall digestibility in annual forage crops.
A review. Animal Research 52, 193-228

Barriére Y, Ralph J, Méchin V, Guillaumie S, Grabber JH, Argillier O,
Chabbert B, Lapierre C (2004c) Genetic and molecular basis of grass cell
wall biosynthesis and degradability. II. Lessons from brown-midrib mutants.
Comptes Rendus Biologies 327, 847-860

Baumberger N, Baulcombe DC (2005) Arabidopsis ARGONAUTE] is an
RNA Slicer that selectively recruits microRNAs and short interfering RNAs.
Proceedings of the National Academy of Sciences USA 102, 11928-11933

Beeghly HH, Coors JG, Lee M (1997) Plant fiber composition and resistance
to European corn borer in four maize populations. Maydica 42,297-303

Bennetzen JL, Freeling M (1997) The unified grass genome: Synergy in syn-
teny. Genome Research 7,301-306

Bennetzen JL, Ramakrishna W (2002) Numerous small rearrangements of
gene content, order and orientation differentiate grass genomes. Plant Mole-
cular Biology 48, 821-827

Benoit I, Navarro D, Marnet N, Rakotomanomana N, Lesage-Meessen L,
Sigoillot JC, Asther M, Asther M (2006) Feruloyl esterases as a tool for the
release of phenolic compounds from agro-industrial by-products. Carbohyd-
rate Research 341, 1820-1827

Bergvinson D, Arnason J, Hamilton RI, Mihm J, Jewell D (1994) Determin-
ing leaf toughness and its role in maize resistance to the European corn borer
(Lepidoptera: Pyralidae). Journal of Economic Entomology 87, 1743-1748

Bernays E (1986) Diet-induced head allometry among foliage-chewing insects
and its importance for graminivores. Science 231, 495-497

Boerjan W, Ralph J, Baucher M (2003) Lignin biosynthesis. Annual Review
of Plant Biology 54, 519-546

Bohn M, Schulz B, Kreps R, Klein D, Melchinger AE (2000) QTL mapping
for resistance against the European corn borer (Ostrinia nubilalis H.) in early
maturing European dent germplasm. Theoretical and Applied Genetics 101,
907-917

Bonke M, Thitamadee S, Mahonen AP, Hauser MT, Helariutta Y (2003)
APL regulates vascular tissue identity in Arabidopsis. Nature 426, 181-186

Boudet A (2000) Lignins and lignification: selected issues. Plant Physiology
and Biochemistry 38, 81-96

Boudet AM, Kajita S, Grima-Pettenati J, Goffner D (2003) Lignins and lig-
nocellulosics: a better control of synthesis for new and improved uses. Trends
in Plant Science 8, 576-581

Boyce CK, Cody GD, Fogel ML, Hazen RM, Alexander CMO, Knoll AH
(2003) Chemical evidence for cell wall lignification and the evolution of tra-
cheids in early Devonian plants. International Journal of Plant Sciences 164,
691-702

Brunow G Kilpelainen I, Sipila J, Syrjanen K, Karhunen P, Setala H,
Rummakko P (1998) Oxidative coupling of phenols and the biosynthesis of
lignin. In: Lewis NG, Sarkanen S (Eds) Lignin and Lignan Biosynthesis,
American Chemical Society, Washington DC, pp 131-147

Buendgen M, Coors J, Grombacher A, Russell W (1990) European corn
borer resistance and cell wall composition of three maize populations. Crop
Science 30, 505-510

Buxton D, Russell J (1988) Lignin constituents and cell-wall digestibility of
grass and legume stems. Crop Science 28, 553-558

Cabane M, Pireaux JC, Leger E, Weber E, Dizengremel P, Pollet B, Lapi-
erre C (2004) Condensed lignins are synthesized in poplar leaves exposed to
ozone. Plant Physiology 134, 586-594

Campa C, Noirot M, Bourgeois M, Pervent M, Ky CL, Chrestin H, Hamon
S, de Kochko A (2003) Genetic mapping of a caffeoyl-coenzyme-A 3-O-
methyltransferase gene in coffee trees. Impact on chlorogenic acid content.
Theoretical and Applied Genetics 107, 751-756

Cardinal A, Lee M, Moore K (2003a) Genetic mapping and analysis of quanti-
tative trait loci affecting fiber and lignin content in maize. Theoretical and
Applied Genetics 106, 866-874

Cardinal AJ, Lee M (2005) Genetic relationships between resistance to stalk-
tunneling by the European corn borer and cell-wall components in maize po-
pulation B73xB52. Theoretical and Applied Genetics 111, 1-7

Cardinal AJ, Lee M, Moore KJ (2003b) Genetic mapping and analysis of
quantitative trait loci affecting fiber and lignin content in maize. Theoretical
and Applied Genetics 106, 866-874

Cardinal AJ, Lee M, Sharopova N, Woodman-Clikeman WL, Long MJ



Genetics and genomics of lignification in grasses. Barriére et al.

(2001) Genetic mapping and analysis of quantitative trait loci for resistance
to stalk tunneling by the European corn borer in maize. Crop Science 41,
835-845

Carlsbecker A, Helariutta Y (2005) Phloem and xylem specification: pieces of
the puzzle emerge. Current Opinion in Plant Biology 8, 512-517

Casler M, Jung H (1999) Selection and evaluation of smooth bromegrass
clones with divergent lignin or etherified ferulic acid concentration. Crop Sci-
ence 39, 1866-1873

Chabbert B, Tollier MT, Monties B, Barriére Y, Argillier O (1994) Biologi-
cal variability in lignification of maize - Expression of the brown-midrib bm2
mutation. Journal of the Science of Food and Agriculture 64, 455-460

Chen F, Reddy MSS, Temple S, Jackson L, Shadle G, Dixon RA (20006)
Multi-site genetic modulation of monolignol biosynthesis suggests new
routes for formation of syringyl lignin and wall-bound ferulic acid in alfalfa
(Medicago sativa L.). Plant Journal 48, 113-124

Chen L, Auh C, Chen F, Cheng X, Aljoe H, Dixon R, Wang Z (2002) Lignin
deposition and associated changes in anatomy, enzyme activity, gene expres-
sion, and ruminal degradability in stems of tall fescue at different develop-
mental stages. Journal of Agricultural and Food Chemistry 50, 5558-5565

Chesson A, Provan GJ, Russell W, Scobbie L, Chabbert B, Monties B
(1997) Characterisation of lignin from parenchyma and sclerenchyma cell
walls of the maize internode. Journal of the Science of Food and Agriculture
73, 10-16

Chiang VL (2006) Monolignol biosynthesis and genetic engineering of lignin
in trees, a review. Environmental Chemistry Letters 4, 143-146

Christensen JH, Baucher M, O’Connell A, van Montagu M, Bioerjan W
(2000) Control of lignin biosynthesis. In Jain SM, Minocha SC (Eds) Mole-
cular Biology of Woody Plants (Vol 1), Kluwer Academic Publisher, Dor-
drecht, The Netherlands, pp 227-267

Civardi L, Rigau J, Puigdomenech P (1999) Nucleotide sequence of two
c¢DNAs coding for Caffeoyl-Coenzyme A O-Methyltransferase and their ex-
pression in maize (Accession Nos. AJ242980 and AJ242981). Plant Physio-
logy 120, 1206

Clayton W (1981) Evolution and distribution of grasses. Annals of the Missouri
Botanical Garden 68, 5-14

Clifford MN, Knight S, Surucu B, Kuhnert N (2006) Characterization by
LC-MS(n) of four new classes of chlorogenic acids in green coffee beans: di-
methoxycinnamoylquinic acids, diferuloylquinic acids, caffeoyl-dimethoxy-
cinnamoylquinic acids, and feruloyl-dimethoxycinnamoylquinic acids. Jour-
nal of Agricultural and Food Chemistry 54, 1957-1969

Clifford MN, Wu W, Kirkpatrick J, Kuhnert N (2007) Profiling the chloro-
genic acids and other caffeic acid derivatives of herbal chrysanthemum by
LC-MSn. Journal of Agricultural and Food Chemistry 55, 929-936

Coors J (1987) Resistance to the European corn borer, Ostrinia nubilalis (Hub-
ner), in maize, Zea mays L., as affected by soil silica, plant silica, structural
carbohydrates, and lignin. Genetic Aspects of Plant Mineral Nutrition, 16-20
June, 1985, Madison, USA, pp 445-456

Costa MA, Collins RE, Anterola AM, Cochrane FC, Davin LB, Lewis NG
(2003) An in silico assessment of gene function and organization of the phe-
nylpropanoid pathway metabolic networks in Arabidopsis thaliana and limit-
ations thereof. Phytochemistry 64, 1097-1112

Czjzek M, Cicek M, Zamboni V, Bevan DR, Henrissat B, Esen A (2000) The
mechanism of substrate (aglycone) specificity in beta-glucosidases is rev-
ealed by crystal structures of mutant maize beta-glucosidase-DIMBOA, -
DIMBOAGIc, and -dhurrin complexes. Proceedings of the National Academy
of Sciences USA 97, 13555-13560

Damiani I, Morreel K, Danoun S, Goeminne G, Yahiaoui N, Marque C,
Kopka J, Messens E, Goffner D, Boerjan W, Boudet AM, Rochange S
(2005) Metabolite profiling reveals a role for atypical cinnamyl alcohol de-
hydrogenase CADI in the synthesis of coniferyl alcohol in tobacco xylem.
Plant Molecular Biology 59, 753-769

Dauwe R, Morreel K, Goemine G, Gielen B, Rohde A, van Beeumen J,
Ralph J, Boudet AM, Kopka J, Rochange S, Halpin C, Messens E, Boer-
jan W (2007) Molecular phenotyping of lignin-modified tobacco reveals as-
sociated changes in cell-wall metabolism, primary metabolism, stress metab-
olism and photorespiration. The Plant Journal 52, 263-285

Davin LB, Lewis NG (2000) Dirigent proteins and dirigent sites explain the
mystery of specificity of radical precursor coupling in lignan and lignin bio-
synthesis. Plant Physiology 123, 453-462

Degenhardt B, Gimmler H (2000) Cell wall adaptations to multiple environ-
mental stresses in maize roots. Journal of Experimental Botany 51, 595-603

Demura T, Tashiro G, Horiguchi G, Kishimoto N, Kubo M, Matsuoka N,
Minami A, Nagata-Hiwatashi M, Nakamura K, Okamura Y, Sassa N,
Suzuki S, Yazaki J, Kikuchi S, Fukuda H (2002) Visualization by compre-
hensive microarray analysis of gene expression programs during transdiffer-
entiation of mesophyll cells into xylem cells. Proceedings of the National
Academy of Sciences USA 99, 15794-15799

de Obeso M, Caparros-Ruiz D, Vignols F, Puigdomenech P, Rigau J (2003)
Characterization of maize peroxidases having differential patterns of mRNA
accumulation in relation to lignifying tissue. Gene 309, 23-33

Devos KM (2005) Updating the 'Crop circle'. Current Opinion in Plant Biology
8, 155-162

Dharmawardhana DP, Ellis BE, Carlson JE (1995) A Beta-Glucosidase from

152

lodgepole pine xylem specific for the lignin precursor coniferin. Plant Physi-
ology 107, 331-339

Dhillon B, Paul C, Zimmer E, Gurrath P, Klein D, Pollmer W (1990) Varia-
tion and covariation in stover digestibility traits in diallel crosses of maize.
Crop Science 30, 931-936

Ding C, Chachin K, Ueda Y, Imahori Y, Wang C (2001) Metabolism of phe-
nolic compounds during loquat fruit development. Journal of Agricultural
and Food Chemistry 49, 2883-2888

Do CT, Pollet B, Thevenin J, Sibout R, Denoue D, Barriére Y, Lapierre C,
Jouanin L (2007) Both caffeoyl Coenzyme A 3-O-methyltransferase 1 and
caffeic acid Omethyltransferase 1 are involved in redundant functions for lig-
nin, flavonoids and sinapoyl malate biosynthesis in Arabidopsis. Planta 226,
1117-1129

Dolstra O, Medema JH (1990) An effective screening method for genetic im-
provement of cell-wall digestibility in forage maize. Maize and Sorghum Eu-
carpia meeting Baden, Austria, pp 258-270

Dong YJ, Tsuzuki E, Kamiunten H, Lin DZ, Terao H, Matsuo M, Cheng
SH (2005) Molecular genetic analysis of QTLs for ferulic acid content in
dried straw of rice (Oryza sativa L.). Biochemical Genetics 43, 25-34

Emery JF, Floyd SK, Alvarez J, Eshed Y, Hawker NP, Izhaki A, Baum SF,
Bowman JL (2003) Radial patterning of Arabidopsis shoots by class IIIHD-
ZIP and KANADI genes. Current Biology 13, 1768-1774

Eudes A, Pollet B, Sibout R, Do CT, Séguin A, Lapierre C, Jouanin L
(2006) Evidence for a role of 47CAD 1 in lignification of elongating stems of
Arabidopsis thaliana. Planta 225, 23-39

Escamilla-Trevino LL, Chen W, Card ML, Shih MC, Cheng CL, Poulton
JE (2006) Arabidopsis thaliana beta-glucosidases BGLU45 and BGLU46
hydrolyse monolignol glucosides. Phytochemistry 67, 1651-1660

Eulgem T, Rushton P, Robatzek S, Somssich I (2000) The WRKY super-
family of plant transcription factors. Trends in Plant Science S, 199-206

Falque M, Decousset L, Dervins D, Jacob AM, Joets J, Martinant JP,
Raffoux X, Ribiere N, Ridel C, Samson D, Charcosset A, Murigneux A
(2005) Linkage mapping of 1454 new maize candidate gene loci. Genetics
170, 1957-1966

Feuillet C, Keller B (2002) Comparative Genomics in the grass family: Mole-
cular characterization of grass genome structure and evolution. Annals of
Botany 89, 3-10

Flint-Garcia SA, Jampatong C, Darrah LL, McMullen MD (2003) Quantita-
tive trait locus analysis of stalk strength in four maize populations. Crop Sci-
ence 43, 13-22

Fontaine AS, Bout S, Barriére Y, Vermerris W (2003a) Variation in cell wall
composition among forage maize (Zea mays L.) inbred lines and its impact
on digestibility: Analysis of neutral detergent fiber composition by pyrolysis-
gas chromatography-mass spectrometry. Journal of Agricultural and Food
Chemistry 51, 8080-8087

Fontaine AS, Briand M, Barriére Y (2003b) Genetic variation and QTL map-
ping of para-coumaric and ferulic acid contents in maize stover at silage har-
vest. Maydica 48, 75-82

Fornale S, Sonbol FM, Maes T, Capellades M, Puigdomenech P, Rigau J,
Caparros-Ruiz D (2006) Down-regulation of the maize and Arabidopsis
thaliana caffeic acid O-methyl-transferase genes by two new maize R2R3-
MYB transcription factors. Plant Molecular Biology 62, 809-823

Franken P, Schrell S, Peterson PA, Saedler H, Wienand U (1994) Molecular
analysis of protein domain function encoded by the Myb-homologous maize
gene C1, gene Zm-1 and gene Zm-38. The Plant Journal 6, 21-30

Frey T, Coors J, Shaver R, Lauer J, Eilert D, Flannery P (2004) Selection
for silage quality in the Wisconsin Quality Synthetic and related maize popu-
lations. Crop Science 44, 1200-1208

Fry SC, Willis S, Paterson A (2000) Intraprotoplasmic and wall-localised for-
mation of arabinoxylan-bound diferulates and larger ferulate coupling-pro-
ducts in maize cell-suspension cultures. Planta 211, 679-692

Gaut BS (2002) Evolutionary dynamics of grass genomes. New Phytologist 154,
15-28

Gee MS, Nelson OE, Kuc J (1968) Abnormal lignins produced by the brown-
midrib mutants of maize. II. Comparative studies on normal and brown-
midrib-1 dimethylformamide lignins. Archives of Biochemistry and Biophy-
sics 123, 403-408

Goering HK, van Soest PJ (1970) Forage fiber analysis (apparatus, reagents,
procedures and some applications). Agricultural Handbook 379. US Gov
Print Office, Washington DC, 57 pp

Goffner D, Joffroy I, Grima-Pettenati J, Halpin C, Knight ME, Schuch W,
Boudet AM (1992) Purification and characterization of isoforms of cinnamyl
alcohol dehydrogenase from Eucalyptus xylem. Planta 188, 48-53

Goffner D, van Doorsselaere J, Yahiaoui N, Samaj J, Grima-Pettenati J,
Boudet AM (1998) A novel aromatic alcohol dehydrogenase in higher plants:
molecular cloning and expression. Plant Molecular Biology 36, 755-765

Goicoechea M, Lacombe E, Legay S, Mihaljevic S, Rech P, Jauneau A,
Lapierre C, Pollet B, Verhaegen D, Chaubet-Gigot N, Grima-Pettenati J
(2005) EgMYB2, a new transcriptional activator from Eucalyptus xylem,
regulates secondary cell wall formation and lignin biosynthesis. The Plant
Journal 43, 553-567

Goto M, Matsuoka J, Sato T, Ehara H, Morita O (1994) Brown midrib mu-
tant maize with reduced levels of phenolic acids ether-linked to the cell-walls.



Genes, Genomes and Genomics 1(2), 133-156 ©2007 Global Science Books

Animal Feed Science and Technology 48, 27-38

Goujon T, Sibout R, Eudes A, MacKay J, Jouanin L (2003) Genes involved
in the biosynthesis of lignin precursors in Arabidopsis thaliana. Plant Physi-
ology and Biochemistry 41, 677-687

GPWG (2001) Phylogeny and subfamilial classification of the grasses (Poa-
ceae). Annals of the Missouri Botanical Garden 88, 373-457

Grabber J, Hatfield R, Ralph J, Zon J, Amrhein N (1995) Ferulate cross-lin-
king in cell walls isolated from maize cell suspensions. Phytochemistry 40,
1077-1082

Grabber J, Lu F (2007) Formation of syringyl-rich lignins in maize as influ-
enced by feruloylated xylans and p-coumaroylated monolignols. Planta 246,
741-751

Grabber J, Ralph J, Hatfield R (2000a) Cross-linking of maize walls by feru-
late dimerization and incorporation into lignin. Journal of Agricultural and
Food Chemistry 48, 6106-6113

Grabber J, Ralph J, Hatfield R, Quideau S, Kuster T, Pell A (1996) Dehy-
drogenation polymer-cell wall complexes as a model for lignified grass walls.
Journal of Agricultural and Food Chemistry 44, 1453-1459

Grabber JH, Hatfield RD, Ralph J (1998) Diferulate cross-links impede the

enzymatic degradation of non-lignified maize walls. Journal of the Science of

Food and Agriculture 77, 193-200

Grabber JH, Ralph J, Hatfield RD (2000b) Cross-linking of maize walls by
ferulate dimerization and incorporation into lignin. Journal of Agricultural
and Food Chemistry 48, 6106-6113

Grabber JH, Ralph J, Hatfield RD, Quideau S (1997) p-Hydroxyphenyl,
guaiacyl, and syringyl lignins have similar inhibitory effects on wall degrada-
bility. Journal of Agricultural and Food Chemistry 45, 2530-2532

Grabber JH, Ralph J, Lapierre C, Barriére Y (2004) Genetic and molecular
basis of grass cell-wall degradability. I. Lignin-cell wall matrix interactions.
Comptes Rendus Biologies 327, 455-465

Grand C, Parmentier P, Boudet A, Boudet A (1985) Comparison of lignins
and of enzymes involved in lignification in normal and brown midrib (bm3)
mutant corn seedlings. Physiologie Végétale 23, 905-911

Grenet E, Barry P (1991) Microbial degradation of normal maize and bm3
maize in the rumen observed by scanning electron microscopy. Journal of the
Science of Food and Agriculture 54, 199-210

Grotewold E, Peterson T (1994) Isolation and characterization of a maize gene
encoding chalcone flavonone isomerase. Molecular and General Genetics
242, 1-8

Guillaumie S (2006) Identification et études d'expression de génes connus ou
putativement impliqués dans 1'élaboration et la variabilité de digestibilité des
parois du mats fourrage. Ph D thesis, Université de Poitiers, France, 227 pp

Guillaumie S, Pichon M, Martinant JP, Bosio M, Goffner D, Barriére Y
(2007a) Differential expression of phenylpropanoid and related genes in
brown-midrib bml, bm2, bm3, and bm4 young near-isogenic maize plants.
Planta 226, 235-250

Guillaumie S, San-Clemente H, Deswarte C, Martinez Y, Lapierre C, Mu-
rigneux A, Barriére Y, Pichon M, Goffner D (2007b) MAIZEWALL. Data-
base and developmental gene expression profiling of cell wall biosynthesis
and assembly in maize. Plant Physiology 143, 339-363

Guillet-Claude C, Birolleau-Touchard C, Manicacci D, Fourmann M, Bar-
raud S, Carret V, Martinant JP, Barriére Y (2004a) Genetic diversity asso-
ciated with variation in silage corn digestibility for three O-methyltransferase
genes involved in lignin biosynthesis. Theoretical and Applied Genetics 110,
126-135

Guillet-Claude C, Birolleau-Touchard C, Manicacci D, Rogowsky PM,
Rigau J, Murigneux A, Martinant JP, Barriére Y (2004b) Nucleotide di-
versity of the ZmPox3 maize peroxidase gene: Relationships between a
MITE insertion in exon 2 and variation in forage maize digestibility. BMC
Genetics 5, 19

Guo DJ, Chen F, Inoue K, Blount JW, Dixon RA (2001) Downregulation of
caffeic acid 3-O-methyltransferase and caffeoyl CoA 3-O-methyltransferase
in transgenic alfalfa: Impacts on lignin structure and implications for the bio-
synthesis of G and S lignin. Plant Cell 13, 73-88

Halpin C, Holt K, Chojecki J, Oliver D, Chabbert B, Monties B, Edwards
K, Barakate A, Foxon GA (1998) Brown-midrib maize (bm/) - a mutation
affecting the cinnamyl alcohol dehydrogenase gene. The Plant Journal 14,
545-553

Hartley R, Morrison W (1991) Monomeric and dimeric phenolic acids re-
leased from cell walls of grasses by sequential treatment with sodium hydro-
xide. Journal of the Science of Food and Agriculture 55, 365-375

Hatfield RD, Ralph J, Grabber JH (1999a) Cell wall cross-linking by feru-
lates and diferulates in grasses. Journal of the Science of Food and Agricul-
ture 79, 403-407

Hatfield RD, Wilson JR, Mertens DR (1999b) Composition of cell walls iso-
lated from cell types of grain sorghum stems. Journal of the Science of Food
and Agriculture 79, 891-899

Hawkins SW, Boudet AM (1994) Purification and characterization of cinnamyl
alcohol-dehydrogenase isoforms from the periderm of Eucalyptus gunnii
Hook. Plant Physiology 104, 75-84

He X, Hall MB, Gallo-Meagher M, Smith RL (2003) Improvement of forage
quality by downregulation of maize O-methyltransferase. Crop Science 43,
2240-2251

153

Herendeen PS, Grane PR (1995) The fossil history of the monocotyledons. In:
Rudall PJ, Cribbb PJ, Cutler DF, Humphries CJ (Eds) Monocotyledons, Sys-
tematic and Evolution, Royal Botanical Gardens, Kew, pp 1-21

Hertzberg M, Aspeborg H, Schrader J, Andersson A, Erlandsson R, Blom-
qvist K, Bhalerao R, Uhlen M, Teeri TT, Lundeberg J, Sundberg B, Nils-
son P, Sandberg G (2001) A transcriptional roadmap to wood formation.
Proceedings of the National Academy of Sciences USA 98, 14732-14737

Higuchi T, Ito Y, Kawamura I (1967) p-Hydroxyphenyl component of grass
lignin and the role of tyrosine ammonia-lyase in its formation. Phytochemis-
try 6, 875-881

Hoffmann L (2003) Etude du metabolime des phénylpropanoides. Analyse de
I’interaction de la caféoyl-coenzyme A 3-O-méthyltransférase (CCoAOMT)
avec son substrat et caractérisation fonctionnelle d'une nouvelle acyltransfér-
ase, I’HydroxyCinnamoyl-CoA: shikimate/quinate hydroxycinnamoyl trans-
férase (HCT). PhD Thesis, Faculté des Sciences de la Vie, Biologie Molécu-
laire et Cellulaire. Strasbourg, France, 166 pp

Hoffmann L, Maury S, Martz F, Geoffroy P, Legrand M (2003) Purification,
cloning, and properties of an acyltransferase controlling shikimate and qui-
nate ester intermediates in phenylpropanoid metabolism. The Journal of Bio-
logical Chemistry 278, 95-103

Hoffmann L, Besseau S, Geoffroy P, Ritzenthaler C, Meyer D, Lapierre C,
Pollet B, Legrand M (2004) Silencing of hydroxycinnamoyl coenzyme A
shikimate/quinate hydroxycinnamolyltransferase affects phenylpropanoid
biosynthesis. Plant Cell 16, 1446-1465

Jacobs BF, Kingston JD, Jacobs LL (1999) The origin of grass-dominated
ecosystems. Annals of the Missouri Botanical Garden 86, 590-643

Jacquet G (1997) Structure et réactivité des lignins de graminées et des acides
phénoliques associées. Développement de méthodologie d'investigation. PhD
Thesis, Université de d'Aix-Marseille III, 181 pp

Jacquet G, Pollet B, Lapierre C (1995) New ether-linked ferulic acid-coniferyl
alcohol dimers identified in grass straws. Journal of Agricultural and Food
Chemistry 43, 2746-2751

Jamet E, Canut H, Boudart G, Pont-Lezica RF (2006) Cell wall proteins: a
new insight through proteomics. Trends in Plant Science 11, 33-39

Jampatong C, McMullen MD, Barry BD, Darrah LL, Byrne PF, Kross H
(2002) Quantitative trait loci for first- and second-generation European corn
borer resistance derived from the maize inbred Mo47. Crop Science 42, 584-
593

Jornvall H, Persson B, Jeffery J (1987) Characteristics of alcohol/polyol
dehydrogenases. The zinc-containing long-chain alcohol dehydrogenases.
European Journal of Biochemistry 167, 195-201

Jornvall H, Persson B, Krook M, Atrian S, Gonzalezduarte R, Jeffery J,
Ghosh D (1995) Short-chain dehydrogenases reductases (SDR). Biochemis-
try 34, 6003-6013

Joseleau J, Ruel K (1997) Study of lignification by noninvasive techniques in
growing maize internodes. An investigation by Fourier transform infrared
cross-polarization-magic angle spinning '*C-nuclear magnetic resonance
spectroscopy and immunocytochemical transmission electron microscopy.
Plant Physiology 114, 1123-1133

Juarez MT, Kui JS, Thomas J, Heller BA, Timmermans MCP (2004) micro
RNA-mediated repression of rolled leafl specifies maize leaf polarity. Nature
428, 84-88

Jung HJG (2003) Maize stem tissues: ferulate deposition in developing inter-
node cell walls. Phytochemistry 63, 543-549

Kanazawa K, Goodman MM, O’Malley M (1999) Genetic and biochemical
analysis of maize CAD. Plant & Animal Genome VII Conference, January
17-21. Town & Country Hotel, San Diego, p 264

Kawaoka A, Ebinuma H (2001) Transcriptional control of lignin biosynthesis
by tobacco LIM protein. Phytochemistry 57, 1149-1157

Kellogg EA (2001) Evolutionary history of the grasses. Plant Physiology 125,
1198-1205

Kellogg EA, Linder HP (1995) Phylogeny of Poales. In: Rudall PJ, Cribbb PJ,
Cutler DF, Humphreys CJ (Eds) Monocotyledons: Systematics and Evolution,
Royal Botanical Gardens, Kew, pp 511-542

Kirch HH, Bartels D, Wei YL, Schnable PS, Wood AJ (2004) The ALDH
gene superfamily of Arabidopsis. Trends in Plant Science 9, 371-377

Kirch HH, Schlingensiepen S, Kotchoni S, Sunkar R, Bartels D (2005) De-
tailed expression analysis of selected genes of the aldehyde dehydrogenase
(ALDH) gene superfamily in Arabidopsis thaliana. Plant Molecular Biology
57,315-332

Kirst M, Myburg AA, de Leon JPG, Kirst ME, Scott J, Sederoff R (2004)
Coordinated genetic regulation of growth and lignin revealed by quantitative
trait locus analysis of cDNA microarray data in an interspecific backcross of
eucalyptus. Plant Physiology 135, 2368-2378

Klun JA, Tipton CL, Rindle TA (1967) 2,4-dihydroxy-7-methoxy-1,4-benzo-
xazin-3-one (DIMBOA), an active agent in the resistance of maize to the Eu-
ropean corn borer. Journal of Economical Entomology 60, 1529-1533

Kocsis MG, Ranocha P, Gage DA, Simon ES, Rhodes D, Peel GJ, Mellema
S, Saito K, Awazuhara M, Li CJ, Meeley RB, Tarczynski MC, Wagner C,
Hanson AD (2003) Insertional inactivation of the methionine S-methyltrans-
ferase gene eliminates the S-methylmethionine cycle and increases the me-
thylation ratio. Plant Physiology 131, 1808-1815

Krakowsky MD, Lee M, Woodman-Clikeman WL, Long MJ, Sharopova N



Genetics and genomics of lignification in grasses. Barriére et al.

(2004) QTL mapping of resistance to stalk tunneling by the European corn
borer in RILs of maize population B73 x De811. Crop Science 44, 274-282
Krakowsky MD, Lee M, Coors JG (2005) Quantitative trait loci for cell-wall
components in recombinant inbred lines of maize (Zea mays L.) 1: Stalk tis-
sue. Theoretical and Applied Genetics 111, 337-346

Kuc J, Nelson OE (1964) The abnormal lignins produced by the brown-midrib
mutants of maize. Archives of Biochemistry and Biophysics 105, 103-113

Kuc J, Nelson OE, Flagnan P (1968) Degradation of abnormal lignins in the
brown midrib mutants and double mutants of maize. Phytochemistry 7, 1345-
1346

Lander ES, Botstein D (1989) Mapping mendelian factors underlying quanti-
tative traits using RFLP linkage maps. Genetics 121, 185-199

Lanot A, Hodge D, Jackson R, George G, Elias L, Lim E, Vaistij F, Bowles
D (2006) The glucosyltransferase UGT72E2 is responsible for monolignol 4-
O-glucoside production in Arabidopsis thaliana. The Plant Journal 48, 286-
295

Lapierre C (1993) Applications of new methods for the investigation of lignin
structure. In: Jung HG, Buxton DR, Hatfield RD (Eds) Forage Cell Wall
Structure and Digestibility, ASA-CSSA-SSSA: Madison, WI, pp 133-136

Lapierre C, Tollier M, Monties B (1988) Occurrence of additional monomeric
units in the lignins from internodes of a brown-midrib mutant of maize bm3.
Comptes Rendus de I'’Academie des Sciences, Il (Sciences de la Vie) 307,
723-728

Lee D, Meyer K, Chapple C, Douglas CJ (1997) Antisense suppression of 4-
Coumarate:Coenzyme A ligase activity in Arabidopsis leads to altered lignin
subunit composition. Plant Cell 9, 1985-1998

Li LG, Cheng XF, Leshkevich J, Umezawa T, Harding SA, Chiang VL
(2001) The last step of syringyl monolignol biosynthesis in angiosperms is
regulated by a novel gene encoding sinapyl alcohol dehydrogenase. Plant
Cell 13, 1567-1585

Li LG, Osakabe Y, Joshi CP, Chiang VL (1999) Secondary xylem-specific
expression of caffeoyl-coenzyme A 3-O-methyltransferase plays an important
role in the methylation pathway associated with lignin biosynthesis in lob-
lolly pine. Plant Molecular Biology 40, 555-565

Li LG, Popko JL, Zhang XH, Osakabe K, Tsai CJ, Joshi CP, Chiang VL
(1997) A novel multifunctional O-methyltransferase implicated in a dual me-
thylation pathway associated with lignin biosynthesis in loblolly pine. Pro-
ceedings of the National Academy of Sciences USA 94, 5461-5466

Liljegren SJ, Ditta GS, Eshed HY, Savidge B, Bowman JL, Yanofsky MF
(2000) SHATTERPROOF MADS-box genes control seed dispersal in Arabi-
dopsis. Nature 404, 766-770

Lim EK, Jackson RG;, Bowles DJ (2005a) Identification and characterisation
of Arabidopsis glycosyltransferases capable of glucosylating coniferyl alde-
hyde and sinapyl aldehyde. FEBS Letters 579, 2802-2806

Lim E, Jackson R, Bowles D (2005b) Identification and characterisation of
Arabidopsis glycosyltransferases capable of glucosylating coniferyl aldehyde
and sinapyl aldehyde. FEBS Letters 579, 2802-2806

Linder HP, Kellogg E (1995) Phylogenetic patterns in the commelinid clade.
In: Rudall PJ, Cribbb PJ, Cutler DF, Humphreys CJ (Eds) Monocotyledons:
Systematics and Evolution, Royal Botanic Gardens, Kew, pp 473-496

Lu FC, Ralph J (1999) Detection and determination of p-coumaroylated units
in lignins. Journal of Agricultural and Food Chemistry 47, 1988-1992

Liibberstedt T, Dussle C, Melchinger A (1998) Application of microsatellites
from maize to teosinte and other relatives of maize. Plant Breeding 117, 447-
450

Liibberstedt T, Zein I, Andersen J, Wenzel G, Krutzfeldt B, Eder J, Ouzu-
nova M, Chun S (2005) Development and application of functional markers
in maize. Euphytica 146, 101-108

Lundvall J, Buxton D, Hallauer A, George J (1994) Forage quality variation
among maize inbreds: in vitro digestibility and cell-wall components. Crop
Science 34, 1672-1678

MacAdam JW, Grabber JH (2002) Relationship of growth cessation with the
formation of diferulate cross-links and p-coumaroylated lignins in tall fescue
leaf blades. Planta 215, 785-793

Mabhesh V, Million-Rousseau R, Ullmann P, Chabrillange N, Bustamante J,
Mondolot L, Morant M, Noirot M, Hamon S, de Kochko A, Werck-
Reichhart D, Campa C (2007) Functional characterization of two p-couma-
royl ester 3'-hydroxylase genes from coffee tree: evidence of a candidate for
chlorogenic acid biosynthesis. Plant Molecular Biology 64, 145-159

Marita JM, Vermerris W, Ralph J, Hatfield RD (2003) Variations in the cell
wall composition of maize brown midrib mutants. Journal of Agricultural
and Food Chemistry 51, 1313-1321

Martz F, Maury S, Pincon G, Legrand M (1998) cDNA cloning, substrate
specificity and expression study of tobacco caffeoyl-CoA 3-O-methyltrans-
ferase, a lignin biosynthetic enzyme. Plant Molecular Biology 36, 427-437

Mase K, Sato K, Nakano Y, Nishikubo N, Tsuboi Y, Zhou JM, Kitano H,
Katayama Y (2005) The ectopic expression of phenylalanine ammonia lyase
with ectopic accumulation of polysaccharide-linked hydroxycinnamoyl esters
in internode parenchyma of rice mutant Fukei 71. Plant Cell Reports 24, 487-
493

Méchin V, Argillier O, Hebert Y, Guingo E, Moreau L, Charcosset A, Barri-
ére Y (2001) Genetic analysis and QTL mapping of cell wall digestibility and
lignification in silage maize. Crop Science 41, 690-697

154

Méchin V, Argillier O, Menanteau V, Barriére Y, Mila I, Pollet B, Lapierre
C (2000) Relationship of cell wall composition to in vitro cell wall digestibi-
lity of maize inbred line stems. Journal of the Science of Food and Agricul-
ture 80, 574-580

Méchin V, Argillier O, Rocher F, Hebert Y, Mila I, Pollet B, Barriére Y, La-
pierre C (2005) In search of a maize ideotype for cell wall enzymatic deg-
radability using histological and biochemical lignin characterization. Journal
of Agricultural and Food Chemistry 53, 5872-5881

Meng H, Campbell WH (1998) Substrate profiles and expression of caffeoyl
coenzyme A and caffeic acid O-methyltransferases in secondary xylem of
aspen during seasonal development. Plant Molecular Biology 38, 513-520

Meyer K, Cusumano JC, Somerville C, Chapple CCS (1996) Ferulate-5-
hydroxylase from Arabidopsis thaliana defines a new family of cytochrome
P450-dependent monooxygenases. Proceedings of the National Academy of
Sciences USA 93, 6869-6874

Migné C, Prensier G, Utille J, Angibeaud P, Cornu A, Grenet E (1998) Im-
muno-cytochemical localisation of para-coumaric acid and feruloyl-arabinose
in the cell walls of maize stem. Journal of the Science of Food and Agricul-
ture 78, 373-381

Milioni D, Sado PE, Stacey NJ, Domingo C, Roberts K, McCann MC
(2001) Differential expression of cell-wall-related genes during the formation
of tracheary elements in the Zinnia mesophyll cell system. Plant Molecular
Biology 47, 221-238

Mitchell RAC, Shewry PR (2007) A novel bioinformatics approach identifies
candidate genes for the synthesis and feruloylation of arabinoxylan. Plant
Physiology 144, 43-53

Moffatt BA, Stevens YY, Allen MS, Snider JD, Pereira LA, Todorova MI,
Summers PS, Weretilnyk EA, Martin-McCaffrey L, Wagner C (2002)
Adenosine Kinase deficiency is associated with developmental abnormalities
and reduced transmethylation. Plant Physiology 128, 812-821

Monties B (1991) Plant cell walls as fibrous lignocellulosic composites: rela-
tions with lignin structure and function. Animal Feed Science and Technology
32, 159-175

Moore G, Devos KM, Wang Z, Gale MD (1995) Grasses line up and form a
circle. Current Biology 5, 737-739

Morrison TA, Jung HG, Buxton DR, Hatfield RD (1998) Cell-wall composi-
tion of maize internodes of varying maturity. Crop Science 38, 455-460

Morrison III WH, Akin DE, Himmelsbach DS, Gamble GR (1993) Investi-
gation of the ester and ether linked phenolic constituents of cell wall types of
normal and brown midrib pearl millet using chemical isolation, microspectro-
photometry and 13C NMR spectroscopy. Journal of the Science of Food and
Agriculture 63, 329-337

Musel G, Schindler T, Bergfeld R, Ruel K, Jacquet G, Lapierre C, Speth V,
Schopfer P (1997) Structure and distribution of lignin in primary and secon-
dary cell walls of maize coleoptiles analyzed by chemical and immunological
probes. Planta 201, 146-159

Nair RB, Bastress KL, Ruegger MO, Denault JW, Chapple C (2004) The
Arabidopsis thaliana Reduced Epidermal Fluorescencel gene encodes an al-
dehyde dehydrogenase Involved in ferulic acid and sinapic acid biosynthesis.
Plant Cell 16, 544-554

Ni W, Phillips RL, Jung HG (1998) Quantitative trait loci for cell-wall traits in
maize. 8" International Cell Wall Meeting, Sept. 1-5 Norwich, UK, p 1.38

Niggeweg R, Michael AJ, Martin C (2004) Engineering plants with increased
levels of the antioxidant chlorogenic acid. Nature Biotechnology 22, 746-754

Nishikubo N, Araki T, Kajita S, Kuroda K, Kitano H, Katayama Y (2000)
Specific accumulation of polysaccharide-linked hydroxycinnamoyl esters in
the cell walls of irregularly shaped and collapsed internode parenchyma cells
of the dwarf rice mutant Fukei 71. Plant and Cell Physiology 41, 776-784

Obel N, Porchia AC, Scheller HV (2003) Intracellular feruloylation of arabi-
noxylan in wheat: evidence for feruloyl-glucose as precursor. Planta 216,
620-629

Ostrander B, Coors J (1997) Relationship between plant composition and Eu-
ropean corn borer resistance in three maize populations. Crop Science 37,
1741-1745

Papst C, Mckhinger AE, Eder J, Schulz B, Klein D, Bohn M (2001) QTL
mapping for resistance to European corn borer (Ostrinia nubilalis HB.) in
early maturing European dent maize (Zea mays L.) germplasm and compa-
rison of genomic regions for resistance across two populations of F-3 fami-
lies. Maydica 46, 195-205

Parker G, Schofield R, Sundberg B, Turner S (2003) Isolation of COV1, a
gene involved in the regulation of vascular patterning in the stem of
Arabidopsis. Development 130, 2139-2148

Parvathi K, Chen F, Guo DJ, Blount JW, Dixon RA (2001) Substrate prefer-
ences of O-methyltransferases in alfalfa suggest new pathways for 3-O-me-
thylation of monolignols. The Plant Journal 25, 193-202

Pavy N, Laroche J, Bousquet J, MacKay J (2005a) Large-scale statistical
analysis of secondary xylem ESTs in pine. Plant Molecular Biology 57, 203-
224

Pavy N, Paule C, Parsons L, Crow JA, Morency MJ, Cooke J, Johnson JE,
Noumen E, Guillet-Claude C, Butterfield Y, Barber S, Yang G, Liu J,
Stott J, Kirkpatrick R, Siddiqui A, Holt R, Marra M, Seguin A, Retzel E,
Bousquet J, MacKay J (2005b) Generation, annotation, analysis and data-
base integration of 16,500 white spruce EST clusters. BMC Genomics 6, 144



Genes, Genomes and Genomics 1(2), 133-156 ©2007 Global Science Books

Paz-Ares J, Ghosal D, Wienand U, Peterson P, Saedler H (1987) The regu-
latory c1 locus of Zea mays encodes a protein with homology to myb proto-
oncogene products and with structural similarities to transcriptional activa-
tors. The EMBO Journal 6, 3553-3558

Pereira LAR, Todorova M, Cai X, Makaroff CA, Emery RJN, Moffatt BA
(2007) Methyl recycling activities are co-ordinately regulated during plant
development. Journal of Experimental Botany 58, 1083-1098

Pesquet E, Ranocha P, Legay S, Digonnet C, Barbier O, Pichon M, Goffner
D (2005a) Novel markers of xylogenesis in zinnia are differentially regulated
by auxin and cytokinin. Plant Physiology 139, 1821-1839

Pesquet E, Jauneau A, Goffner D (2005b) Zinnia elegans is an excellent
model for xylogenesis: in vitro and in planta. In: Teixeira da Silva JA (Ed)
Floriculture, Ornamental and Plant Biotechnology: Advances and Topical
Issues (1* Edn, Vol T), Global Science Books, Isleworth, pp 171-178

Piquemal J, Lapierre C, Myton K, O’Connel A, Schuch W, Grima-Pette-
nati J, Boudet AM (1998) Down-regulation of Cinnamoyl-CoA Reductase
induces significant changes of lignin profiles in transgenic tobacco plants.
The Plant Journal 13, 71-83

Piquemal J, Chamayou S, Nadaud I, Beckert M, Barriére Y, Mila I, Lapi-
erre C, Rigau J, Puigdomenech P, Jauneau A, Digonnet C, Boudet AM,
Goffner D, Pichon M (2002) Down-regulation of caffeic acid O-methyl-
transferase in maize revisited using a transgenic approach. Plant Physiology
130, 1675-1685

Pritchard JK, Stephens M, Rosenberg NA, Donnelly P (2000) Association
mapping in structured populations. The American Journal of Human Gene-
tics 67, 170-181

Provan GJ, Scobbie L, Chesson A (1997) Characterisation of lignin from
CAD and OMT deficient bm mutants of maize. Journal of the Science of
Food and Agriculture 73, 133-142

Qiu D, Xioa J, Xiong M, Cai M, Cao YL, Li XG, Xu CG, Wang S (2007)
OsWRKY13 mediates rice disease resistance by regulating defense-related
genes in salicylate- and jasmonate-dependent signaling. The American Phyto-
pathological Society 20, 492-499

Qu LJ, Zhu YX (2006) Transcription factor families in Arabidopsis: major
progress and outstanding issues for future research - Commentary. Current
Opinion in Plant Biology 9, 544-549

Raes J, Rohde A, Christensen JH, van de Peer Y, Boerjan W (2003) Ge-
nome-wide characterization of the lignification toolbox in Arabidopsis. Plant
Physiology 133, 1051-1071

Ralph J, Grabber JH, Hatfield RD (1995) Lignin-ferulate cross-links in
grasses - Active incorporation of ferulate polysaccharide esters into ryegrass
lignins. Carbohydrate Research 275, 167-178

Ralph J, Guillaumie S, Grabber JH, Lapierre C, Barriére Y (2004a) Gene-
tic and molecular basis of grass cell-wall biosynthesis and degradability. III.
Towards a forage grass ideotype. Comptes Rendus Biologies 327, 467-479

Ralph J, Hatfield RD, Piquemal J, Yahiaoui N, Pean M, Lapierre C, Boudet
AM (1998) NMR characterization of altered lignins extracted grom tobacco
plants down-regulated for lignification enzyme cinnamyl-alcohol dehydroge-
nase and cinnamoyl-CoA reductase. Proceedings of the National Academy of
Sciences USA 95, 12803-12808

Ralph J, Hatfield RD, Quideau S, Helm RF, Grabber JH, Jung HJG (1994)
Pathway of p-coumaric acid incorporation into maize lignin as revealed by
NMR. Journal of the American Chemical Society 116, 9448-9456

Ralph J, Helm RF, Quideau S, Hatfield RD (1992) Lignin feruloyl ester
cross-links in grasses. 1. Incorporation of feruloyl esters into coniferyl alco-
hol dehydrogenation polymers. Journal of the Chemical Society - Perkin
Transactions 1,2961-2969

Ralph J, Kim H, Lu F, Grabber J, Leplé JC, Berrio-Sierra J, Derikvand
MM, Jouanin L, Boerjan, W, Lapierre C (2007) Identification of the struc-
ture of thioacidolysis markers compound for ferulic acid incorporation into
angiosperm lignins (and indicator for cinnamoyl-CoA deficiency). The Plant
Journal, in press

Ralph SA, Ralph J, Landucci LL (2004b) NMR database of lignin and cell
wall model compounds. Available online: http://ars.usda.gov/Services/
docs.htm?docid=10491

Ranocha P, McNeil SD, Ziemak MJ, Li CJ, Tarczynski MC, Hanson AD
(2001) The S-methylmethionine cycle in angiosperms: ubiquity, antiquity and
activity. The Plant Journal 25, 575-584

Ratcliffe O, Riechmann J, Zhang J (2000) Interfascicular FiberlessI is the
same gene as Revoluta. Plant Cell 12, 315-317

Ravanel S, Gakiere B, Job D, Douce R (1998) The specific features of methi-
onine biosynthesis and metabolism in plants. Proceedings of the National
Academy of Sciences USA 95, 7805-7812

Remington DL, Thornsberry JM, Matsuoka Y, Wilson LM, Whitt SR,
Doeblay J, Kresovich S, Goodman MM, Buckler ES (2001) Structure of
linkage disequilibrium and phenotypic associations in the maize genome.
Proceedings of the National Academy of Sciences USA 98, 11479-11484

Risch NJ (2000) Searching for genetic determinants in the new millennium.
Nature 405, 847-856

Roesler J, Krekel F, Amrhein N, Schmid J (1997) Maize phenylalanine am-
monia-lyase has tyrosine ammonia-lyase activity. Plant Physiology 113, 175-
179

Rojanaridpiched C, Gracen V, Everett H, Coors J, Pugh B, Bouthyette P

155

(1984) Multiple factor resistance in maize to European corn borer. Maydica
29, 305-315

Roje S, Chan SY, Kaplan F, Raymond RK, Horne DW, Appling DR, Han-
son AD (2002) Metabolic engineering in yeast demonstrates that S-adenosyl-
methionine controls flux through the methylenetetrahydrofolate reductase re-
action in vivo. The Journal of Biological Chemistry 277, 4056-4061

Roussel V, Gibelin C, Fontaine AS, Barriére Y (2002) Genetic analysis in re-
combinant inbred lines of early dent forage maize. Il - QTL mapping for cell
wall constituents and cell wall digestibility from per se value and top cross
experiments. Maydica 47, 9-20

Sanchez JP, Ullman C, Moore M, Choo Y, Chua NH (2006) Regulation of
Arabidopsis thaliana 4-coumarate: coenzyme-A ligase-1 expression by artifi-
cial zinc finger chimeras. Plant Biotechnology Journal 4, 103-114

Sato K, Ashikari M, Tamura K, Mase K, Kitano H, Matsuoka M, Kata-
yama Y (2002) High resolution map of DWARF 50 (D50) in rice. Rice Gene-
tics Newsletter 19, 31-32

Sato K, Mase K, Nakano Y, Nishikubo N, Sugita R, Tsuboi Y, Kajita S,
Zhou JM, Kitano H, Katayama Y (2006) 3-Deoxy-D-arabino-heptuloso-
nate 7-phosphate synthase is regulated for the accumulation of polysaccha-
ride-linked hydroxycinnamoyl esters in rice (Oryza sativa L.) internode cell
walls. Plant Cell Reports 25, 676-688

Schoch G, Goepfert S, Morant M, Hehn A, Meyer D, Ullmann P, Werck-
Reichhart D (2001) CYP98A3 from Arabidopsis thaliana is a 3'-hydroxy-
lase of phenolic esters, a missing link in the phenylpropanoid pathway. The
Journal of Biological Chemistry 276, 36566-36574

Schon CC, Lee M, Melchinger AE, Guthrie WD, Woodman WL (1993)
Mapping and characterization of Quantitative Trait Loci affecting resistance
against 2"-generation European corn-borer in maize with the aid of RFLP.
Heredity 70, 648-659

Shadle G, Chen F, Srinivasa Reddy MS, Jackson L, Nakashima J, Dixon
RA (2007) Down-regulation of hydroxycinnamoyl CoA: Shikimate hydroxy-
cinnamoyl transferase in transgenic alfalfa affects lignification, development
and forage quality. Phytochemistry 68, 1521-1529

Shi C, Uzarowska A, Ouzunova M, Lanbeck M, Wenzel G, Liibberstedt T
(2007) Identification of candidate genes associated with cell wall digestibility
and eQTL (expression quantitative trait loci) analysis in a Flint x Flint maize
recombinant inbred lines population. BMC Genomics 8, 22

Skibbe D, Liu F, Wen T, Yandeau M, Cui X, Cao J, Simmons C, Schnable P
(2002) Characterization of the aldehyde dehydrogenase gene families of Zea
mays and Arabidopsis. Plant Molecular Biology 48, 751-764

Stein N, Prasad M, Scholz U, Thiel T, Zhang HN, Wolf M, Kota R, Varsh-
ney RK, Perovic D, Grosse I, Graner A (2007) A 1,000-loci transcript map
of the barley genome: new anchoring points for integrative grass genomics.
Theoretical and Applied Genetics 114, 823-839

Struik PC (1983) Physiology of forage maize (Zea mays L.) in relation to its
production and quality. PhD thesis, Agricultural University Wageningen, The
Netherlands, 252 pp

Terashima N, Fukushima K (1993) Comprehensive model of the lignified
plant cell wall. In: Jung HG, Buxton D, Hatfield R, Ralph J (Eds) Forage Cell
Wall Structure and Digestibility, Madison, Wisconsin, pp 247-270

Terashima N, Fukushima K, Tsuchiya S, Takabe K (1986) Heterogeneity in
formation of lignin. VII. An autoradiographic study on the formation of guai-
acyl and syringyl lignin in poplar. Journal of Wood Chemistry and Techno-
logy 6, 495-504

The Rice Chromosome 3 Sequencing Consortium (2006) Sequence, annota-
tion, and analysis of syntheny between rice chromosome 3 and diverged grass
species. Genome Research 15, 1284-1291

Tobias CM, Chow EK (2005) Structure of the cinnamyl-alcohol dehydroge-
nase gene family in rice and promoter activity of a member associated with
lignification. Planta 220, 678-688

Tomlinson PB (1995) Non homology of vascular organization in monocotyle-
dons and dicotyledons. In: Rudall PJ, Cribbb PJ, Cutler DF, Humphries CJ
(Eds) Monocotyledons, Systematic and Evolution, Royal Botanic Gardens,
Kew, pp 589-622

Tsuji Y, Chen F, Yasuda S, Fukushima K (2004) The behavior of deuterium-
labeled monolignol and monolignol glucosides in lignin biosynthesis in an-
giosperms. Journal of Agricultural and Food Chemistry 52, 131-134

Tsuji Y, Chen F, Yasuda S, Fukushima K (2005) Unexpected behavior of
coniferin in lignin biosynthesis of Ginkgo biloba L. Planta 222, 58-69

Tsuji Y, Fukushima K (2004) Behavior of monolignol glucosides in angio-
sperms. Journal of Agricultural and Food Chemistry 52, 7651-7659

Vander Mijnsbrugge K, Meyermans H, Van Montagu M, Bauw G, Boerjan
W (2000) Wood formation in poplar: identification, characterization, and sea-
sonal variation of xylem proteins. Planta 210, 589-598

Vermerris W, Boon JJ (2001) Tissue-specific patterns of lignification are
disturbed in the brown midrib2 mutant of maize (Zea mays L.). Journal of
Agricultural and Food Chemistry 49, 721-728

Vermerris, W, Thompson KJ, McIntyre LM (2002) The maize brown mid-
rib1 locus affects cell wall composition and plant development in a dose-de-
pendent manner. Heredity 88, 450-457

Vignols F, Rigau J, Torres MA, Capellades M, Puigdomenech P (1995) The
brown midrib3 (bm3) mutation in maize occurs in the gene encoding caffeic
acid O-methyltransferase. Plant Cell 7, 407-416



Genetics and genomics of lignification in grasses. Barriére et al.

Vincent D, Lapierre C, Pollet B, Cornic G, Negroni L, Zivy M (2005) Water
deficits affect caffeate O-methyltransferase, lignification, and related en-
zymes in maize leaves. A proteomic investigation. Plant Physiology 137,
949-960

Wilson JR, Hatfield RD (1997) Structural and chemical changes of cell wall
types during stem development: Consequences for fibre degradation by ru-
men microflora. Australian Journal of Agricultural Research 48, 165-180

Wilson JR, Mertens DR (1995) Cell-wall accessibility and cell structure limit-
ations to microbial digestion of forage. Crop Science 35, 251-259

Wilson WA, Harrington SE, Woodman WL, Lee M, Sorrells ME, McCouch
SR (1999) Inferences on the genome structure of progenitor maize through
comparative analysis of rice, maize and the domesticated panicoids. Genetics
153, 453-473

Winkel BSJ (2004) Metabolic channeling in plants. Annual Review of Plant
Biology 55, 85-107

Wolfe K, Gouy M, Yang Y, Sharp P, Li W (1989) Date of the monocot-dicot
divergence estimated from chloroplast DNA sequence data. Proceedings of
the National Academy of Sciences USA 86, 6201-6205

Yin YH, Zhu Q, Dai SH, Lamb C, Beachy RN (1997) RF2a, a bZIP transcrip-

156

tional activator of the phloem-specific rice tungro bacilliform virus promoter,
functions in vascular development. The EMBO Journal 16, 5247-5259

Yoshida-Shimokawa T, Yoshida S, Kakegawa K, Ishii T (2001) Enzymic
feruloylation of arabinoxylan-trisaccharide by feruloyl-CoA:arabinoxylan-
trisaccharide O-hydroxycinnamoyl transferase from Oryza sativa. Planta 212,
470-474

Zein I, Wenzel G, Andersen JR, Liibberstedt T (2007) Low level of linkage
disequilibrium at the COMT (caffeic acid O-methyl transferase) locus in Eu-
ropean maize (Zea mays L.). Genetic Resources and Crop Evolution 54, 139-
148

Zhang KW, Qian Q, Huang ZJ, Wang YQ, Li M, Hong LL, Zeng DL, Gu
MH, Chu CC, Cheng ZK (2006) GOLD HULL AND INTERNODE?2 en-
codes a primarily multifunctional cinnamyl-alcohol dehydrogenase in ricel.
Plant Physiology 140, 972-983

Zhao CS, Craig JC, Petzold HE, Dickerman AW, Beers EP (2005) The xy-
lem and phloem transcriptomes from secondary tissues of the Arabidopsis
root-hypocotyl. Plant Physiology 138, 803-818

Zhong RQ, Morrison WH, Negrel J, Ye ZH (1998) Dual methylation path-
ways in lignin biosynthesis. Plant Cell 10, 2033-2045



