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Abstract 
 
Emergence and evolution of sophisticated chemical scaffolds of lignin polymers providing mechanical support for 
plant tissues, protecting the plant from pathogen invasion and damaging UV, and enhancing the hydrophobicity of 
the plant vasculature was of paramount importance to land plant evolution and their adaptation to the local 
ecosystems. Recruitment of enzymes from primary metabolism and their evolutional modification led to 
biosynthesis of H and G lignin in early terrestrial plants. Evolutional advantage of S lignin in adaptation to 
environment was a result of the selective structural alterations of the ring modification enzymes such as ferulate 
5-hydroxylase and caffeic acid/5-hydroxyferulic acid O-methyltransferase at later stages of evolution. 
Lignification consequently transformed phenylpropanoid metabolism into a major sink for carbon in plants 
estimated to represent as much as 30% of the total biomass produced in the biosphere. Significant progress in 
plant genomics and in sequencing of the plant species that occupy important positions within the evolutionary 
history of plants along with functional studies of the families of  lignin-specific genes in these plants allowed us in- 
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depth understand how lignin biosynthesis was 
originated and evolved. Accumulated knoweledge 
also triggered new strategies for targeted re-
programming lignin biosynthesis to improve 
agricultural and economic values of the crops as 
the great sugar sources for animal feed and 
biofuels production. Here we review the current 
knowledge about different aspects of lignin 
biosynthesis including its evolution, regulation and 
targeted modification to improve plant cell wall 
composition for animal health and for biofuel 
production. 
 
Introduction 
 
Plant cell walls are mainly composed of cellulose, 
hemicelluloses and lignin polymers. Lignocellulosic 
biomass was used for centuries as a main animal 
feed and a source of energy. The presence of lignin 
in plant biomass has negative impacts on its 
digestibility and biofuel production affecting the 
extraction of fermentable sugars from the 
polysaccharide components of the cell wall. There 
has been a great deal of research on undestanding of 
molecular and biochemical aspects of lignin 
biosynthesis followed by its targeted modification 
in forage plants and bioenergy feedstocks using 
genetic engineering which offers potential 
breakthroughs in plants improvement in ways not 
possible through conventional plant breeding. 
 
Economic significance of lignin  
 
At least 50% of the solar energy harvested by plants 
accumulates in the cell wall in the forms of three 
types of sugar-based polymers: cellulose, 
hemicellulose and lignin. Lignin represents a 
complex, highly cross-linked aromatic polymer that 
is covalently linked to cellulose and hemicellulose, 
stabilizing the structure of the cell wall. Lignin, the 
second most abundant natural polymer on earth 
after cellulose, is the major component of plant 
secondary cell walls and has been under study for 
more than a century due to its impact on 
agriculture, biofuel production and paper industry 
(Boerjan et al., 2003). In the paper industry, lignin 

is often removed during paper manufacturing to 
improve the quality and life of the paper (Lewis, 
1984). Lignin can also negatively affect bioethanol 
production as it limits the fermentation of cell wall 
polysaccharides to simple sugars. Consequently 
lignin must be removed before the saccharification 
process when producing biofuels(Chen and Dixon, 
2007). Perennial warm season grasses, such as 
switchgrass, paspalum,  dallisgrass, sorghum are 
currently the focus of intensive study as potential 
high-energy alternative feedstocks for the 
production of biofuels (for review see (Keshwani 
and Cheng, 2009). Targeted modification of the 
lignin biosynthesis pathway in transgenic swithgrass 
lines led to reduced levels of lignin and increased 
saccharification (Fu et al., 2011; Xu et al., 2011). 
 
The presence of lignin in forage crops is also 
negatively correlated with digestibility, which has a 
significant negative economic impact on livestock 
industries (Jung and Deetz, 1993). The influence of 
lignin composition on cell wall digestibility has 
been studied in a number of forage grasses, 
including bluestem grass (Andropogon gerardii), 
timothy grass (Phleum pratense), orchard grass 
(Dactylis glomerata), smooth bromegrass (Bromus 
inermis), perennial ryegrass, switchgrass, Italian 
ryegrass (Lolium multiflorum), and tall fescue 
(Chesson et al., 1986; Jung and Vogel, 1986; 
Buxton and Russell, 1988; Buxton and Martin, 
1989; Smith and Flinn, 1991; Grabber et al., 1992). 
It was shown that 5 to 6% increase in the 
digestibility in perennial ryegrass and the 
concomitant availability of nutrients is estimated to 
increase summer milk production by up to 27% 
(Smith et al., 1998). 
 
Plant cell walls and lignification  
 
Lignin is the major component that cross-links the 
cellulose and hemicellulose to form a webbing 
structure.  However, the composition of the cell 
wall can vary between (i) different taxa of the plant 
kingdom, (ii) developmental stages of the same 
plant, (iii) among organs, (iv) between cells in a 
specific tissue and (v) within a single cell (Knox, 



A. Giordano et al., (2013) Signpost Open Access J. NanoPhotoBioSciences. 1, 93-117. 
Volume 01, Article ID 010305, 25 pages 

 

A. Giordano et al., (2013). Metabolic Reprogramming of Lignin Biosynthesis in Crops. SOAJ NanoPhotoBioSciences, (1): 93-117. 

 

95 

2008). Plant cell walls are constantly rebuilt and 
strengthened in response to cell growth, fruit 
ripening, organ development, environmental 
conditions, chemical exposure and pathogen attack. 
Level and composition of the cell wall components 
are modified by a family of enzymes such as 
cellulases, hemicellulases, pectinases and 
peroxidases throughout the life cycle to ensure 
proper growth and successful reproduction in 
different environments. Plants at early 
developmental stages have dynamic primary cell 
walls.  As plants growing, their walls become 
thicker in order to increase their strength and cell 
wall composition is changed by reduced protein 
concentration and increased lignin deposition and 
cellulose levels (Burton et al., 2010). Lignin forms 
chemical bonds with hemicelluloses providing 
cohesion between the matrix phase and cellulose 
microfibrils. Several studies have shown that 

lignification profile can be influenced by the level 
and composition of carbohydrates in wall 
components. For example, the orientation of the 
aromatic rings of lignin polymers is a result of the 
mechanical and/or chemical influence of the 
carbohydrate matrix (Donaldson, 2001). Lignin is 
primarily deposited in tracheary elements (vessels 
and tracheids) and fibres within the xylem, but is 
also detected in the endodermis, epidermis and 
periderm of some plants. Lignification is one of the 
latest steps of xylem cell differentiation, occurring 
during the secondary thickening of the cell wall in 
different stages which are preceded by carbohydrate 
deposition in the three layers of the secondary wall 
(S1, S2, S3) (Figure 1). Intracellularly, lignification 
begins in the cell corners in the region of the middle 
lamella prior to S1 layer formation, proceeding to 
enter layer S2 and finally layer S3 (Boerjan et al., 
2003).   

 

 
 
Figure 1. (A) Diagram of the primary wall and the three layers (S1, S2, S3) of the secondary plant cell wall 
(adapted from Sticklen, 2008); (B) Scanning electron microscopy of ryegrass cell walls; (C) Ryegrass stem 
sections after Mäule staining. Scale bar = 100 µm 
 

 
Lignin structure and chemistry  
 
Lignin is a complex heteropolymer that results from 
the radical coupling of three main monolignols: p-
coumaryl alcohol, coniferyl alcohol and sinapyl 
alcohol. These three monomers differ between each 
other in the methoxylation degree of the phenyl 
ring, giving rise to hydroxyphenyl (H), guaiacyl (G) 
and syringyl (S) lignins, respectively (Boerjan et 
al., 2003), (Figure 2). However, other derivates 
from the incomplete biosynthesis of these 
monolignols such as 5-hydroxyconiferyl alcohol, 
hydroxycinnamaldehydes and hydroxycinnamic 

acids can also be incorporated in the polymer at 
different developmental stages or in response to 
environmental stresses (Vanholme et al., 2008).  
 
There is a structural difference between G- and S-
lignin due to the methoxyl group at the 5-position 
of syringyl units which restricts the coupling site, 
resulting in a less crosslinked structure (Bonawitz 
and Chapple, 2010).  Syringyl  units  are superior       to 
guayacil units for strenghthening cell walls via 
interaction with arabynoxylans and other 
components on hemicellulose (Li et al., 2001). In 
gymnosperms, lignin is enriched in guaiacyl units
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Figure 2. Principal lignin monomers. Hydroxyphenyl or H type lignin derives from p-coumaryl alcohol (A). 
Guaiacyl or G type is derived from coniferil alcohol (B), and Syringyl or S type lignin incorporates sinapyl 
alcohol units (C).  
 
polymerised from coniferyl alcohol. By contrast, 
the typical angiosperm lignin consists of guaiacyl 
and syringyl units co-polymerised from coniferyl 
and sinapyl alcohol, respectively (Higuchi, 1985)  
as a result of precence of the enzyme, ferulate 5-
hydroxylase (F5H)  and COMT activity . In grasses, 
lignin contains p-hydroxyphenyl units in addition to 
G-lignin and S-lignin (Tu et al., 2010). 
 
Lignin evolution  
 
From an evolutionary perspective, the acquisition of 
an operative lignin biosynthetic pathway represents 
a key step in the colonization of Earth’s terrestrial 
environment by vascular plants. Early land plants 
evolved from algal ancestors which have been 
constantly washed onto marine shores were faced 
major challenges, such as damaging UV-B 
radiation, desiccation stress, herbivores and 
pathogens (Raven, 1984). Evolution of lignin 
biosynthesis in terrestrial plants c. 450 million years 
ago led to the establishment of the biosynthetic 
scaffold which helped them to cope with 
environmental stresses and also to stand upright 
conducting water on long distance through the 
evolved water-conducting xylem cells. The key 
evolved features to resist UV radiation included 
deamination the amino acid phenylalanine and 
hydroxylation/methylation the aromatic ring 
producing phenylpropanoids which can absorb UV-
B at the range of 280–320 nm (Lowry et al., 1980). 
Modification of phenylpropanoid enzymes recruited 

to lignin metabolism led to biosynthesis of H and G 
lignin in early terrestrial plants, such as lycophytes, 
ferns and gymnosperms, the deposition of early 
forms of lignin (H and G types) first enabled long-
distance water transport in the water-conducting 
xylem cells. The subsequent development of S 
lignin in angiosperms is presumed to have 
conferred additional advantages, such as further 
strengthening of vascular tissues and protection 
against biotic and abiotic stresses. Evolutional 
advantage of S lignin in adaptation to environment 
was a result of the selective structural alterations of 
the ring modification enzymes such as caffeic 
acid/5-hydroxyferulic acid O-methyltransferase 
(COMT) at later stages of evolution.  
 
The study of the evolution of the lignin biosynthesis 
pathway by comparative genomics reveals that the 
complete lignin biosynthesis pathway first appeared 
in mosses, except for the enzyme F5H. A partial 
pathway has been found in green algae (Xu et al., 
2009). These data taken together with the fact that 
lignin was recently found in the red alga 
Calliarthron, which diverged possibly more than 1 
billion years from other vascular plants, suggest 
that there could be two origins of the lignin 
biosynthesis pathway, and it may be explained as a 
strong conserved evolution or by convergent 
evolution. A study of Calliarthron supports the 
convergent theory, as lignin in the secondary walls 
of red alga might have significant importance in the 
resistance of bend stress to breaking waves, similar 
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to the function of lignin in vascular plants (Martone 
et al., 2009). The identification of a new F5H gene 
capable of synthesizing S-lignin in the lycophyte 
Selaginella moellendorffi, a species that emerged 
280 million years earlier than angiosperms, also 
supports this hypothesis. SmF5H was also capable 
of restoring S lignin biosynthesis when expressed in 
an Arabidopsis thaliana F5H-deficient mutant. 
However, SmF5H is not structurally related to the 
F5H enzymes characterised in angiosperms (Weng 
et al., 2008).The synthesis of S-lignin in Ginko 
biloba cell cultures has recently been discovered 
(Novo Uzal et al., 2009). Although the independent 
occurrence of enzymes with identical function is 
uncommon, data supports the hypothesis that S-
lignin in lycophytes and angiosperms evolved 
independently (Weng et al., 2008). 
 
Lignin biosynthesis  
 
Lignin formation involves: (i) biosynthesis of 
monolignols, (ii) their transport of to lignifying 
sites and (iii) polymerization monolignols into the 
growing lignin polymer. Monolignol biosynthesis is 
using intermediate molecules from shikimate 
pathway, providing L-phenylalanine or L-tyrosine 
and phenylpropanoid pathway, delivering p-
hydroxycinnamoyl CoAs from L-phenylalanine and 
or L-tyrosine. The monolignol biosynthesis 
pathway is highly conserved within vascular plants 
(Xu et al., 2009). The biosynthesis of H-lignin 
requires five enzymes: phenylalanine ammonia 
lyase (PAL); cinnamate-4-hydroxylase (C4H); 4-
coumarate: CoA ligase (4CL); cinnamoyl-CoA 
reductase (CCR) and cinnamyl alcohol 
dehydrogenase (CAD) (Figure 3). The synthesis of 
G-lignin requires hydroxycinnamoyltransferase 
(HCT), p-coumarate-3-hydroxylase (C3H) and 
caffeoyl-CoA O-methyltransferase (CCoAOMT) in 
addition to the above five enzymes. The synthesis 
of S-lignin requires ferulate 5-hydroxylase (F5H) 
and caffeic acid O-methyltransferase (COMT) 
(Figure 4). Recent research further showes that 
COMT could also be involved in G lignin 
biosynthesis (Louie et al., 2010; Tu et al., 2010). 

The first step in the lignin biosynthesis pathway is 
the non-oxidative deamination of L-phenylalanine 
catalysed by PAL or the deamination of L-tyrosine 
by tyrosine ammonia lyase (TAL). TAL is only 
found in grasses and converts tyrosine into p-
coumaric acid. PAL is represented by a tetramer of 
subunits encoded by a multigene family. In 
angiosperms, there are between two and 40 
different tissue-specific members of PAL gene 
family  (Whetten and Sederoff, 1995). Their 
expressions are regulated regulation at the 
transcriptional and post-transcriptional levels by 
environmental factors  including biotic and abiotic 
stresses (Anterola and Lewis, 2002). 
 
The product arising from the deamination of L-
phenylalanine is cinnamic acid, which is the 
substrate of C4H, a cytochrome P450-linked 
monooxygenase that has been purified and 
characterised in several species (Whetten and 
Sederoff, 1995). This enzyme hydroxylates position 
4 of the aromatic ring of cinnamate to form p-
coumaric acid. C4H is regulated by different 
environmental factors such as light and wounding 
(Batard et al., 1997) and activation is generally 
coordinated with PAL induction (Mizutani et al., 
1997).  
 
The enzyme, 4CL is an ATP-dependent CoA ligase 
that catalyses the formation of p-coumaroyl-CoA 
(Bonawitz and Chapple, 2010). Multiple isoforms 
of 4CL with substrate or tissue specificity have 
been identified that could be active at different 
stages of cell wall biosynthesis and also respond to 
wounding, UV irradiation or pathogen attack 
(Dixon and Paiva, 1995). Lignin biosynthesis in 
different species depends on the specificity of the 
particular 4CL isoform present (Hamberger and 
Hahlbrock, 2004). 
 
The enzyme hydroxycinnamoyltransferase (HCT) 
belongs   to the acyltranferases family and is 
involved in the biosynthesis of diverse secondary 
metabolites (Hoffmann et al., 2004). HCT has been 
showed to be essential for the synthesis of G and S 
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subunits as it catalyses the conversion of caffeoyl 
shikimate (product of C3H) to caffeoyl-CoA 
(substrate of CCoAOMT) (Bonawitz and Chapple, 
2010). 
 
COMT is involved in the synthesis of monolignols 
with an influence on lignin composition and 
structure. Depending on the species, COMT has 
been shown to have different substrate specificities, 
suggesting that COMT can participate in more than 
one pathway during lignin biosynthesis (Whetten 
and Sederoff, 1995). In angiosperms, the 
biosynthesis of lignin is thought to involve two 
methylation reactions at the level of 
hydroxycinnamic acids. In the gymnosperms, 
COMTs are believed to be monofunctional, 

catalysing caffeic acid methylation but deficient in 
catalytic activity with 5-hydroxyferulic acid as 
substrate (Higuchi, 1985). 
 
X-ray crystallographic structures of perennial 
ryegrass (Lolium perenne) COMT (LpOMT1) in 
open conformational state, apo- and holoenzyme 
forms  and  in  a closed  conformational  state  binds 
with S-adenosyl-L-homocysteine and 
sinapaldehyde. The product-bound complex reveals 
the postmethyl- transfer organization of COMT’s 
catalytic groups with reactant molecules and the 
fully formed phenolic-ligand binding site. The core 
scaffold of the phenolic ligand forges a hydrogen- 
bonding network involving the 4-hydroxy group 

 

 
 
Figure 3. The monolignol biosynthetic pathways (adapted from Weng and Chapple, 2010). The pathway 
branch leading to H, G and S lignin biosynthesis are highlighted in yellow, brown and red, respectively. 
Enzymes and their abbreviations: CAD, (hydroxy) cinnamyl alcohol dehydrogenase; CCoAOMT, caffeoyl-
CoA O-methyl transferase; CCR, (hydroxy)cinnamoyl-CoA reductase; C3’H, p-coumaroyl shikimate 3’-
hydroxylase; C4H, cinnamate 4-hydroxylase; 4CL, 4-hydroxycinnamoyl-CoA ligase; COMT, caffeic acid O-
methyltransferase; F5H, Selaginella contains a unique bifunctional; HCT, hydroxycinnamoyl-CoA:shikimate 
hydroxycinnamoyl transferase; PAL, phenylalanine ammonia-lyase; SmF5H, F5H from Selaginella 



A. Giordano et al., (2013) Signpost Open Access J. NanoPhotoBioSciences. 1, 93-117. 
Volume 01, Article ID 010305, 25 pages 

 

A. Giordano et al., (2013). Metabolic Reprogramming of Lignin Biosynthesis in Crops. SOAJ NanoPhotoBioSciences, (1): 93-117. 

 

99 

that anchors the aromatic ring and thereby permits 
only metahydroxyl groups to be positioned for 
transmethylation. Kinetics of substrate binding 
activities of ryegrass COMT shows preferences to 
aldehydes over alcohols and acids due to a single 
hydrogen bond donor for the C9 oxygenated moiety 
dictating the preference for an aldehyde (Louie et 
al., 2010). The structural framework for the 
substrate-binding and transmethylation activities of 
COMT in perennial ryegrass (LpOMT1) provides a 
basis for the rational modification of the enzyme’s 
regiospecificity and 3OH and 5OH substrate 
specificity. The spatio-temporal expression profile 
of LpOMT1 from the elongation to reproductive 
stages of development showed that LpOMT1 is 
correlated with increasing lignification and the 
production of S subunits within stems of developing 
perennial ryegrass plants (Tu et al., 2010). In tall 
fescue, COMT1b is also expressed at a high level 
between the elongation and reproductive stages of 
development (Chen et al., 2004). 
 
 COMT is not the only enzyme involved in 
methylation during lignin biosynthesis. Caffeoyl-
CoA O-methyltransferase (CCoAOMT) also plays 
an important role in methylation of the caffeoyl-
CoA and 5-hydroxyferuloyl-CoA (Bonawitz and 
Chapple, 2010). CCoAOMT is represented by a 
multigene family in most of the species where it has 
been studied (Ye et al., 2001). The enzyme activity 
is associated with pathogen defence and tissue 
lignification in several plants. For example, in 
Arabidopsis seven putative CCoAOMTs were 
identified but only CCoAOMT1 is highly expressed 
in lignified tissues (Raes et al., 2003). 
 
The enzyme ferulate 5-hydroxylase (F5H also 
known as Cald5H) plays a major role in the 
difference in lignin composition between 
angiosperms and gymnosperms. F5H was first 
cloned by mapping the fah1 mutation in A. 
thaliana, which leads to an absence of S-lignin 
units (Chapple et al., 1992). The enzyme belongs to 
the cytochrome P450 monooxygenase CYP84 
superfamily (Ehlting et al., 2006). Chapple and co-
workers suggested that fah1 is necessary for 5-

hydroxylation of monolignol and sinapoylmalate 
precursors. Biochemical analysis has shown that 
F5H has a higher affinity for coniferaldehyde or 
coniferyl alcohol than for ferulate (Osakabe et al., 
1999). 
 
The reduction of hydroxycinnamoyl-CoA thioesters 
to the corresponding aldehyde is catalysed by the 
NADPH-dependent enzyme, cinnamoyl-CoA 
reductase (CCR).  This enzyme is considered to be 
a control point of regulation of the carbon flux 
towards lignin as well as the first specific step 
towards monolignol biosynthesis (Baucher et al., 
1998). 
 
Initial cloning and characterisation of CCR 
occurred for the angiosperm Eucalyptus gunnii 
(Lacombe et al., 1997). CCR genes were 
subsequently identified and cloned in tobacco 
(Piquemal et al., 1998), spruce (Luderitz and 
Grisebach, 1981), poplar (Leplé et al., 1998), maize 
(Pichon et al., 1998), sugarcane (Selman-Housein et 
al., 1999) , A. thaliana (Lauvergeat et al., 2001) and 
wheat (Lin et al., 2001). Several species have been 
found to contain more than one copy of the CCR 
gene. These include A. thaliana (Jones et al., 2001; 
Lauvergeat et al., 2001) perennial ryegrass 
(McInnes et al., 2002) sugarcane  (Selman-Housein 
et al., 1999), maize (Civardi et al., 1998; Pichon et 
al., 1998) and switchgrass (Escamilla-Treviño et al., 
2010). Two CCR genes, termed CCR1 and CCR2, 
have been characterised in A. thaliana, which differ 
in spatio-temporal expression and function. CCR1 
is believed to be involved in structural lignification 
whilst CCR2 appears to have a role in defence or 
stress related lignification (Pichon et al., 1998; 
Lauvergeat et al., 2001) The role of CCR1 in 
lignification was characterised using irregular 
xylem 4 (irx4) mutants in Arabidopsis which, in 
comparison to wild type plants, showed a 25% 
reduction in lignin content and in particular reduced 
G and S subunits,  resulting in collapsed xylem 
vessels in the mutants(Jones et al., 2001). In wheat, 
in vitro analysis of recombinant CCR1 and CCR2 
proteins revealed that they differ in substrate 
preference. In particular, within feruloyl CoA, 5-
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OH feruloyl CoA, sinapoyl CoA and caffeoyl CoA, 
CCR1 utilises feruloyl CoA as a preferred substrate 
whilst CCR2 can use all of them with similar 
catalytic efficiencies (Ma and Tian, 2005). 
Recently, two cDNAs encoding enzymes exhibiting 
CCR activity were found in switchgrass (Panicum 
virgatum), one of them associated with lignin 
biosynthesis while the other one was involved in 
defence mechanisms (Escamilla-Treviño et al., 
2010). In rice, a CCR protein was shown to be 
involved in defence responses(Kawasaki et al., 
2006).  
 
Cinnamyl alcohol dehydrogenase (CAD), the last 
enzyme in the reaction to form the three lignin 
precursors, reduces the aldehyde end group to an 
alcohol. Several CAD isoforms with different 
substrate specificity have been found to be 
expressed in response to stress, pathogen elicitors 
and wounding, and CAD genes have been studied in 
a number of different species (Whetten and 
Sederoff, 1995). For example, 12 putative CAD 

homologues have been identified in rice and 17 in 
A. thaliana (Tobias and Chow, 2005). 
 
Monolignol transport and polymerization  
 
After lignin monomers are synthesised in the 
cytoplasm, they are exported to the apoplast to be 
oxidised by lacasses or peroxidases and are then 
incorporated into the lignin polymer (Figure 4).  
Although extensive studies have centered on lignin 
for decades, it remains unclear how monolignols 
and other precursors are sequestered transported 
across the membrane to their polymerization sites 
(Li and Chapple, 2010). 
 
Several mechanisms have been proposed to explain 
compartmentalization of monolignols into the 
extracellular space including protein-mediated 
transport, active transport, secretion via Golgi-
derived vesicles (Pickett-Heaps, 1968) and passive 
diffusion (Boija and Johansson, 2006).  

 

 
 

Figure 4. Overview of lignin biosynthesis (adapted from Bonawitz and Chapple, 2010). 
 

 
One model proposes that monolignols are stored 
and transported into the apoplast as glucosides. The 
glycosylation reaction consists of the transfer of a 
glucose residue from UDP-glucose to the phenolic 
hydroxyl group of the monolignol and is catalysed 
by a specific UDPG-glucosyltransferase (Whetten 
and Sederoff, 1995). In A. thaliana coniferyl and 
sinapyl alcohol 4-O-glucosyltransferases were 

identified, cloned and cell localized (Escamilla-
Treviño et al., 2006). However, A. thaliana mutants 
of these enzymes have no effect upon lignin levels 
(Lanot et al., 2006). An alternative model, involves 
the transport of monolignols via Golgi vesicles but 
no evidence of this was found during secondary 
xylem development in Pinus cantorta (Kaneda et 
al., 2008). The ATP-binding cassette (ABC) 
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transporters are candidates for lignin monomers 
translocation since they are involved in the 
translocation of a variety of secondary metabolites 
in plant cells (Rea, 2007). Recently, ABC 
transporters and multidrug and toxic compound 
extrusion (MATE) transporters were responsible for 
sequestration of metabolites including phenolics 
(Zhao and Dixon, 2010). In Arabidopsis, expression 
of monolignol synthesis genes was correlated with 
the of ABC transporters expression during 
inflorescence stem formation. In addition, 
proteomics and transcriptomics studies showed high 
expression of some membrane transporters in 
lignified wood tissues (Ehlting et al., 2005). 
 
In vitro studies demonstrated that sequestration and 
transportation of lignin precursors involves ATP-
binding cassette-like transporters was demonstrated 
lignin precursors transported across the 
plasmalemma and sequestered into vacuoles require 
membrane-protein-mediated active transport that 
involves ATP-binding cassette-like transporters 
(Miao and Liu, 2010). In addition, a recently 
identified Arabidopsis ABC transporter 
(AtABCG29) was able to transport ρ-coumaryl 
alcohol when expressed in yeast (Alejandro et al., 
2012). 
 
Lignin monomers are oxidised (i.e. 
dehydrogenated) by peroxidases or laccases in the 
apoplast (Vanholme et al., 2010). Laccases are 
multicopper oxygen-dependent oxidases found in 
plants, bacteria, fungi and animals which catalyse 
single-electron oxidation (Baldrian, 2006). These 
enzymes are capable of oxidising different 
substrates such as monolignols and other 
polyphenols (proanthocyanidins and flavonoid-
derived pigments) (Ranocha et al., 2002). Laccase 
activity was correlated with lignification in 
different species (Richardson et al., 2000). Two 
lacccases, LAC15 and LAC4, were identified in the 
lignification process in A. thaliana (Zhou et al., 
2009) Recently, lignification in A. thaliana stems 
was altered as a result of disruption of AtLAC4 
(Berthet et al., 2011). 

Several studies have demonstrated that peroxidases 
are the primary enzymes involved in polimerization 
of monolignols. Barcelo (1995) reported that 
peroxidases were involved in the oxidation reaction 
in lignifying hypocotyls of lupin. In addition,  the 
knockdown of specific peroxidases resulted in an 
important change in the composition and content of 
lignin (Weng and Chapple, 2010).  Peroxidases 
have higher specific activities when using phenols 
as substrates compared to lacasses (Wallace and 
Fry, 1994). Indeed, peroxidase specificity (coniferyl 
alcohol peroxidases and sinapyl alcohol 
peroxidases) will probably affect the final structure 
of the polymer (Vanholme et al., 2010). Recent 
studies show that lignification in was affected when 
peroxidase genes were up or down regulated 
(Fagerstedt et al., 2010). 
 
A reaction known as biomolecular radical coupling 
occurs between the reactive radical species, either 
as a combination of two monolignols to form a 
dehydrodimer or  between a monolignol and a 
polymer end (Bonawitz and Chapple, 2010). The 
bond between monolignol radicals occurs between 
their β positions, resulting in the β-β, β-O-4, and β-
5 dimers (Figure 5). Dimers are then 
dehydrogenated again to form a phenolic radical 
that is able to couple with another radical. In this 
case, the polymer grows one block at a time in a 
process known as endwise coupling (Vanholme et 
al., 2010). In the case of dioligomeric coupling, bonds 
could be 4-O-5 if at least one of the oligolignol ends 
is a guaiacyl subunit or 5-5 in the case where both 
ends are guaiacyl units. Syringy terminal subunits 
cannot couple each other as they do not have the 5-
carbon available. In S/G lignins, coupling between 
oligomers is less frequent that in G-lignin, where 5-5 
bonds account for approximately 4% of all linkages 
(Wagner et al., 2009). 
 
Lignin linkage is a combinatorial chemical process 
that depends on the environmental conditions of the 
matrix such as pH, ionic strength, temperature, 
monolignol and enzyme concentrations (Vanholme 
et al., 2008). However, it was recently proposed
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Figure 5. Dimerization of monomers (adapted from Vanholme et al., 2010). 
 

 
that lignin monomers are coupled following a 
structural order determined by proteins (Bonawitz 
and Chapple, 2010).  Lignin biosynthesis is an 
energetic costly one way carbon sink. Although 
other bio-macromolecules such as nucleic acids, 
proteins, polysaccharides and lipids are recycled by 
endogenous cellular enzymes the presence of  
enzymes that are able to depolymerizing or 
degrading lignin have not yet been reported in 
plants (Barcelo et al., 2004) 
 
Regulation of lignin biosynthesis and 
transcription factors  
 
Spatio-temporal profiles of lignin deposition during 
plants development is regulated by a cascade of 
regulatory mechanisms triggered by a number of 
environmental factors which include an abiotic (UV 
irradiation) and biotic (pathogen attack) stresses. 
These regulatory factors are coordinating 
monolignol synthesis, transport and polimerization 
with biosynthesis and deposition of cellulose, 
hemicelluloses and other polysaccharides into the 
secondary cell walls (Zhong and Ye, 2010).  
Appropriate timing and localization of lignification 
is regulated by a network of transcription factors 
that control the expression of enzymes, structural 

proteins and a cascade of transcription factors 
involved in cell wall synthesis (Bonawitz and 
Chapple, 2010). Lignin gene promoters and 
transcription factors have been analysed. Cis-
regulatory sequence motifs, rich in adenine and 
cytosine, known as AC elements have also been 
identified in specific regions of the promoters of 
lignin biosynthesis genes. These regions are 
recognised by the MYB family of transcription 
factors. These transcription factors have been found 
to activate a cascade of other factors which regulate 
the expression of genes involved in the biosynthesis 
pathway of lignin. In A. thaliana, these elements 
were identified in most promoters of the genes in 
the lignin biosynthesis pathway (Zhong and Ye, 
2009). The first evidence of the participation of 
MYB proteins in lignin biosynthesis regulation was 
in a study of Antirrhinum majus that demonstrated 
that proteins AmMYB308 and AmMYB 330 were 
able to regulate lignin biosynthesis gene expression 
when overexpressed in tobacco plants (Tamagnone 
et al., 1998). Several transcription factors from the 
MYB family have been characterised in different 
species and found to also be involved in lignin 
biosynthesis including: P. taeda (PtMYB1, 
PtMYB4, PtMYB8), E. gunnii (EgMYB1, 
EgMYB2), A. thaliana (AtMYB63, AtMYB58, 
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AtMYB4, AtMYB46), Zea mays (ZmMYB31, 
ZmMYB42) and poplar (PttMYB21, PtrMYB3, 
PtrMYB20). 
 
In addition to the MYB family, two transcription 
factors belonging to other families have been 
identified: NtLIM1 and ACBF. At present, little is 
known about the role of ACBF in lignin 
biosynthesis gene expression, though the tobacco 
protein NtLIM1 has been proven to activate AC 
elements (Kawaoka et al., 2000). Studies on the 
promoter sequence of EgCCR have revealed two 
DNA-protein interaction sites defined as necessary 
for vascular specific expression. In this region, AC 
elements have been identified suggesting an 
interaction with the MYB family of transcription 
factors (Weisshaar and Jenkins, 1998).  Recent 
findings in A. thaliana have demonstrated that 
biosynthesis of cellulose, xylan and lignin are all 
regulated by SND1 and MYB46 (Zhong et al., 
2007). This suggests that the regulation of lignin 
biosynthesis gene expression is under the control of 
master switches that regulate the biosynthesis of the 
secondary wall components (Zhong and Ye, 2009). 
Transcriptional regulation of stress-induced lignin 
biosynthesis will likely differ from the 
developmentally activated transcriptional regulation 
because environmental stresses like UV radiation, 
pathogen attacks or wounding do not trigger 
secondary wall thickening. Although, there is  
limited knowledge regarding the regulation of 
genes activated under stress conditions, a few 
studies indicate the presence of AC elements is 
important to response to environmental stresses, 
though the relevant transcription factors are yet to 
be identified (Lois et al., 1989). 
 
Link between forage digestibility and lignin level 
and composition  
 
Forage grasses and crop residues constitute a main 
feed source of ruminant livestock. Forage 
digestibility is an important issue for animal growth 
because the cell wall is the main source of fibre in 
animal diets (Minson and Wilson, 1980). In 
general, fibre is measured as neutral detergent fibre 

(NDF) and represents 30% to 80% of the organic 
matter in forage with variation between leaves and 
stems. In most plants, fibre concentration is higher 
in stems than in leaves due to the presence of 
structural and conducting tissues in these organs. 
However, more than 66% of the NDF and 50% of 
polysaccharides are not digestible in the mature 
forage stems (Buxton et al., 1996). The forage 
intake and the digestible energy available by 
ruminants is limited by  lignin which acts as a 
physical barrier to microbial enzyme access to fibre 
polysaccharides, thus limiting the degradation of 
cellulose and hemicellulose  (Jung and Allen, 
1995). Cell wall polysaccharides rate digestion 
differs, being pectins digested more rapidly than 
cellulose and hemicellulose (Casler and Vogel, 
1999). In forage, G and H units are found during 
lignification of the primary wall, and S and G units 
during the development of the secondary wall (He 
and Terashima, 1991). The reduction in one or 
more of these units has been reported to result in a 
decrease in lignin concentration which can improve 
digestibility (Grabber et al., 1995). 
 
As plants mature, the enzymatic degradability of 
cell walls is decreased in leaves and particularly in 
stems. Although lignin concentration in the cell 
wall increases during plant maturity, variations in 
tridimensional structure and lignin composition as 
well as linkage with other components of the matrix 
have been identified as other factors limiting 
digestibility (Jung and Deetz, 1993). Aproximately 
one third of the cell wall of a forage grass particle  
was estimated to be undigested because of their 
inaccessibility by rumen bacteria (Wilson and 
Mertens, 1995). Because of the complexity of cell 
wall biosynthesis, it is difficult to understand the 
precise mechanism by which lignin limits 
degradability of plant cell walls (Grabber, 2005). 
 
Variation observed in forage digestibility results 
from the proportion of tissues types and differences 
in cell wall development. For example, during plant 
development in grasses only the mesophyll and 
phloem remain non-lignified compared to a greater 
proportion of non-lignified tissues in legumes 
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(mesophyll, collenchyma, chlorenchyma, secondary 
phloem, cambium, and protoxylem parenchyma). In 
addition, cell walls from grasses have less the 
amount of pectins, which are easily digestible 
compared to legumes cell walls (Jung et al., 2012). 
Dry matter digestibility (DMD) values for tropical 
grasses were reported to be lower than for 
temperate grasses (Minson and Wilson, 1980). The 
anatomical features of thick walled C4 grass cells 
such as the large amount of vascular tissue and 
parenchyma cells, the higher density of stomata 
cells, and the higher concentration of 
hydroxyxinnamic acids (p-coumaric and ferulic 
acid)  influence the grade of digestibility (Grabber 
et al., 1991). For example, maize and sorghum cell 
walls contain up to 4% ferulic acid and up to 3% p-
coumaric acid (Hatfield et al., 1999). 
 
One of the main aims in forage breeding programs 
is the improvement of in vitro dry matter 
digestibility (IVDMD) which results in an 
economically significant increase in milk and meat 
production. For instance, it has been estimated that 
for cool and warm-season grasses a 1% increase in 
IVDMD results in a 3.2% increase in daily gains for 
beef cattle (Casler and Vogel, 1999). For dairy 
cattle, a 1% increase in digestibility leads to an 
increase of approximately 0.5 kg milk per head per 
day (Chen et al., 2004). In addition, it has been 
reported that small improvements in forage 
digestibility can have a significant impact on animal 
performance (Casler and Vogel, 1999). 
 
Maize mutants bm2 and bm3 and transgenic plants 
with genetic modifications in the lignin 
biosynthesis pathway have been generated, 
demonstrating that the reduction in lignin level and 
changes in lignin composition can improve 
digestibility (Baucher et al., 1998; Casler and 
Vogel, 1999; Piquemal et al., 2002; Chen et al., 
2004). In temperate grasses that are in general 
heterozygous and self-incompatible which limits 
inbreeding, grass varieties with improved 
digestibility have been obtained through breeding 
(Kasperbauer, 1990) and genetic modification 
targeted to molecular lesions of the lignin 

biosynthesis pathway (Chen et al., 2004). In the 
1960s and 1970s, natural or chemically-induced 
mutants known as brown midrib (bm), 
demonstrated a highly cross-linked lignin, which 
improved digestibility. These mutants were 
identified in different species such as maize (Z. 
mays L.), sorghum (Sorghum bicolor L.) and pearl 
millet (Pennisetum typhoides) and are characterised 
by a red brown coloration of the midrib and 
sclerenchyma cells, and their stems and leaves are 
more digestible than the corresponding wild type 
plants (Cherney et al., 1991).  
 
In maize, four different bm mutants were found. 
The maize bm1 mutant has reduced CAD activity 
(60-70%), a similar S/G ratio to wild type and 
elevated levels of coniferaldehyde and 
sinapaldehyde resulting in a 20% reduction in 
lignin content compared to wild type, however the 
digestibility was similar to the wild type(Halpin et 
al., 1998). The maize bm2 mutant, has a lower 
lignin content and an increase in S/G ratio which 
improved digestibility (Casler and Vogel, 1999), 
while the maize bm3 mutant has a significantly 
reduced COMT activity, with only 10% of the wild 
type activity. As the COMT gene encodes the 
enzyme that participates in the conversion of 5-
hydroxyguaiacyl to S lignin units, a reduction in S 
lignin and consequently a reduction in the S/G ratio 
was found as well as an improvement in 
digestibility (Tjardes et al., 2000). The mutation 
was characterised at the molecular level in three 
independent bm3 mutants and found to contain 
either an insertion or deletion in the COMT gene 
(Vignols et al., 1995). In addition, when COMT was 
downregulated in maize, lignin content was altered 
and the composition and cell wall digestibility were 
found to be comparable to that of maize bm3 
mutants (Piquemal et al., 2002). In the case of pearl 
millet, the bm mutant showed a decrease of 20% in 
lignin content and a 38% reduction in the amount of 
p-coumarate (Hartley et al., 1992). 
 
According to studies by Bucholtz et al., (1980), the 
sorghum bmr-6 mutant with increased accumulation 
of aldehyde groups, showed a phenotype that was 
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due to a mutation in the CAD gene. The phenotype of 
the sorghum bmr-6 mutant is similar to the maize bm1 
mutant as they both have a deficiency in the activity 
of CAD. However, a decrease of COMT activity was 
also found in sorghum bmr-6 mutants (Pillonel et al., 
1991). In rice, gh1 mutant shows slightly reduction in 
lignin content and composition. Although this mutant 
resulted from a spontaneous mutation in CAD gene 
the brownish-red coloration is not observed in this 
mutant (Zhang et al., 2006). 
 
Several transgenic approaches showed that 
downregulation of CAD gene expression results in 
the bm phenotype (Halpin et al., 1994). Recent 
studies of the expression of other genes involved in 
lignin biosynthesis in bm mutants have revealed 
that in bm1 additional putative CAD genes were 
also downregulated, suggesting that the mutation 
could occur in a regulatory gene affecting 
expression of the CAD gene family (Halpin et al., 
1998; Guillaumie et al., 2007). Although there is 
limited understanding of bm mutants, varieties of 
bm maize, sorghum and sorghum-sudangrass 
hybrids with a higher digestibility and an 
unexpected improvement in palatability have been 
commercialised and used for forage production (Li 
et al., 2008).  However there are only of varieties 
since the breeding process is limited by the 
recessive mutations  
 
Transgenic approaches to improve digestibility  
 
Many transgenic approaches as well as breeding 
efforts have been used in order to modify lignin 
composition and content to improve cell wall 
degradability since a slight increase in forage 
digestibility can have a significant economic impact 
on livestock industries (Casler and Vogel, 1999; 
Hatfield et al., 1999). Several studies have 
demonstrated decreased lignin by downregulation 
or upregulation of specific genes involved in the 
lignin biosynthesis pathway (Grabber et al., 2004; 
Vanholme et al., 2008).  
 
Downregulation of COMT has been approached in 
monocot and dicot species such as tobacco 

(Bernard-Vailh et al., 1996; Sewalt et al., 1997), 
alfalfa (Guo et al., 2001; Chen et al., 2004), poplar  
(Van Doorsselaere et al., 1995; Tsai et al., 1998; 
Lapierre et al., 1999; Jouanin et al., 2000; Ralph et 
al., 2001; Pilate et al., 2002), maize (Piquemal et 
al., 2002) and tall fescue (Chen et al., 2004). In the 
case of COMT downregulation in maize, the 
alteration of lignin content and composition as well 
as the increased digestibility is similar to levels 
found in the bm3 maize mutants (Piquemal et al., 
2002; He et al., 2003). Tobacco plants with down-
regulated COMT have improved digestibility due to 
a decrease in lignin content and an unexpected 
increase in S/G ratio (Baucher et al., 1998). 
Reduction of COMT activity in transgenic alfalfa 
plants resulted in an improvement in digestibility 
without greatly altering the lignin content but when 
COMT was downregulated in tall fescue, lignin 
content as well as S/G ratio was reduced improving 
digestibility (Chen et al., 2004). 
 
Although 5-hydroxyconiferylaldehyde cannot be 
converted to sinapaldehyde when COMT is 
downregulated, it can be used as a substrate by 
CAD and be converted into the novel monomer 5-
hydroxyconiferyl alcohol that is added to the lignin 
polymer by coupling and cross-coupling with the 
normal monolignols providing a new type of 
structure in the lignin polymer (Simmons et al., 
2010). 
 
Reduction of CAD activity in dicot species has not 
resulted in a reduction in lignin content, however it 
was demonstrated that the digestibility and pulping 
process were improved (Halpin et al., 1994). 
Downregulation of C3H in M. sativa resulted in the 
modification in lignin composition and structure 
and consequently the plants were easily digestible. 
In transgenic P. tremuloides with a reduction in 
4CL1, a 45% decrease in lignin content was found 
at the same time as an increase in the relative 
content of cellulose and other hemicellulose 
components (Hu et al., 1999). 
 
Some transgenic plants with reduced lignin and 
higher digestibility present abnormal phenotypes. 
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For example, curled leaves and higher susceptibility 
to diseases in tobacco plants with downregulation 
of PAL (Maher et al., 1994), collapsed xylem 
vessels and shorter inflorescence stems in A. 
thaliana with reduced expression of CCR1 (Goujon 
et al., 2003) and dwarfed alfalfa plants resulting 
from the reduction of C4H, C3H and HCT (Reddy 
et al., 2005). These abnormalities could be a result 
of the low lignin content or an indirect effect of the 
lignin biosynthesis pathway such as perturbations in 
other metabolic pathways (Li et al., 2008). For 
instance, downregulation of HCT in Arabidopsis 
has been associated with an increase in flavonoid 
levels and consequently a reduction in auxin 
transport (Besseau et al., 2007). 
 
Recently, an integrative systems biology study has 
revealed that changes in the lignin biosynthesis 
pathway can result in modification of global 
primary metabolism and stress pathways such as 
starch metabolism and photorespiration(Leplé et al., 
2007). For example, the transcriptome and 
metabolome data of CCR and CAD double mutant 
tobacco plants suggested that the carbon flux is 
reduced towards the lignin pathway when CAD or 
CCR are downregulated. As a primary response 
there is an accumulation of pathway intermediates 
without monolignol coupling products. 
Furthermore, the sensing of the alteration in the cell 
wall structure activates the breakdown of starch and 
hemicelluloses as a source of glucose and quinate to 
detoxify and accumulate the lignin pathway 
intermediates (Dauwe et al., 2007). 
 
Altering the enzymes in the later steps of the lignin 
biosynthesis pathway has less effect on plant 
growth than modifications at earlier stages. 
Consequently, CCR and CAD could be considered 
as viable gene targets for modifications in the 
monolignol biosynthesis pathway. Downregulation 
of CCR has been achieved in different species such 
as tobacco (Dauwe et al., 2007), alfalfa (Jackson et 
al., 2008), tomato(Van der Rest et al., 2006) and 
poplar (Leplé et al., 2007) usually resulting in a 
significant reduction in lignin content and thus an 
alteration of cell wall structure. Some approaches 

have lead to abnormalities in phenotypes such as 
delayed senescence and seed development, and 
dwarfing (Jones et al., 2001; Goujon et al., 2003; 
Van der Rest et al., 2006; Prashant et al., 2011).  
 
In transgenic tobacco, tomato and poplar plants 
CCR silencing resulted in reductions in S and G 
units, and significant increases in stress-related 
phenylpropanoid intermediates and derivatives 
(Van der Rest et al., 2006; Dauwe et al., 2007; 
Leplé et al., 2007). Transgenic tobacco and poplar 
plants deficient in CCR gene expression also had 
alterations in starch and sucrose metabolism (Dauwe 
et al., 2007; Leplé et al., 2007). In poplar, CCR 
silencing resulted in a 50% reduction in lignin content 
which was associated with an orange-brown 
colouration of the outer xylem and a reduction in 
hemicelluloses with a corresponding increase in 
cellulose levels (Leplé et al., 2007). In LiCCR down-
regulated tobacco plants, the orange-brown 
colouration was correlated with a 24.7% decrease in 
lignin content. General growth of some of the 
transgenic tobacco lines was affected revealing 
phenotypic abnormalities such as decreased thickness 
of stems and intermodal length, wrinkled and curled 
leaves and delayed flowering (Prashant et al., 2011). 
In alfalfa, downregulation of CCR was associated 
with an improvement in the saccharification 
efficiency of cell walls(Jackson et al., 2008). 
 
Recently, CCR1 was silenced in perennial ryegrass, 
leading to a dramatic decrease in total lignin and S, 
G and H subunits but no significant changes in the 
S/G ratio (Tu et al., 2010). This was also associated 
with an increase in levels of sucrose, a decrease in 
glucose and fructose levels, and accumulation of 
flavonol conjugates (Tu et al., 2010). Plasticity of 
plant metabolism in response to metabolic 
modifications reveals that the intermediates of 
lignin biosynthesis are part of a complex network 
that extends beyond phenylpropanoid metabolism. 
CCR downregulated perennial ryegrass plants 
grown under field conditions showed enhanced 
digestibility in comparison to non-transgenic plants, 
without   consequences   for   fitness   and   biomass 
production, indicating that this  gene is a  promising  
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Table 1. Down-regulation and up-regulation of lignin biosynthesis pathway genes in different plant species 
 

Gene  Modification Species Lignin 
level G/S Phenotype Reference 

4 CL 
down Populus 

tremuloides low NSD1 NSD Roque-Rivera 
et al. (2011) 

down Rice low High Dwarf Gui et al. 
(2011) 

CAD 
down Medicago 

sativa low _2 Reduced 
biomass 

Jackson et al. 
(2008) 

down Nicotiana 
tabacum low high NSD Sirisha et al. 

(2012) 

CAld5H 
up P. tremuloides NSD low Dwarf Hencock et 

al., 2012

up P. tremuloides NSD low NSD Roque-Rivera 
et al. (2011) 

 
CCOMT 

 

down A. thaliana Low Low Dwarf Do et al. 
(2007) 

down Poplar Low _ _ Zhong et al. 
(2000) 

down N. tabacum Low _ Dwarf Pinçon et al. 
(2001) 

COMT 

down A. thaliana NSD High NSD Goujon et al. 
(2003) 

down N. tabacum NSD High NSD Pinçon et al. 
(2001) 

down Poplar NSD _ NSD Halpin et al. 
(2007) 

down L. perenne Low Low - Tu et al. 
(2010) 

CCR 

down M. sativa Low _ Reduced 
biomass 

Jackson et al. 
(2008) 

down A. thaliana low _ dwarf Jones et al. 
(2001) 

down N. tabacum Low Low Dwarf Piquemal et 
al. (1998) 

down Poplar Low High 
Dwarf in 
field 
conditions 

Leple et al., 
2010 

down L. perenne low Low _ Tu et al. 
(2010) 

HCT down M. sativa Low _ dwarf Shadle et al. 
(2007) 

                         1 No significant differences, 2 not reported 
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target for downregulation for the improvement of 
forage quality in grasses using a transgenic 
approach (Tu et al, 2010). 
 
Interactions between lignin metabolism and 
biosynthesis of other cell wall components have 
also been demonstrated such as a reduction in 
xylans in CCR downregulated poplar transgenic 
plants (Leplé et al., 2007). 
 
Taken together, improvements in digestibility 
depend on the choice of the target gene, the genetic 
background, promoters and/or terminators used in 
the DNA construct to deliver the transgene 
expression and the environmental conditions (Li et 
al., 2008). Although, there are genetic variations in 
the structure,  composition and degradability    of cell  
walls and in the anatomical configuration and 
degradability of the different tissues of grasses, 
relationships between them are not well understood. 
Consequently, perturbation of one factor could 
affect other factors that determine digestibility or 
could result in a compensatory effect. For instance, 
as a result of the downregulation of lignin content, 
plants can increase the number of cell wall cross-
links (Grabber et al., 2004). This metabolic 
plasticity to respond to genetic variations and 
perturbations in the lignin biosynthesis pathway 
allows plants to cope with changes in 
environmental conditions (Dauwe et al., 2007). 
 
In spite of significant technological advances in 
genome, transcriptome, proteome and metabolome 
analysis, further understanding of enzymes 
involved in lignin biosynthesis, monolignol 
transport and the polymerization mechanism must 
be achieved to effectively design targeted changes 
to lignin profiles and develop optimal feedstocks to 
reduce costs in biofuel production, paper pulping, 
and forage production for livestock industries 
(Simmons et al., 2010). 
 
Lignin and biofuels  
 
Lignocellulosic biofuels rely on chemically and 
biochemically breaking down cell wall 

polysaccharides into their sugar monomers, and 
converting them into fuels. However, one of the 
main contributions to high production costs of 
lignocellulosics biofuels is the cell wall 
recalcitrance to enzymatic hydrolysis. 
Lignocellulosic biomass contains cellulose 
microfibrils embedded in a matrix of, hemicellulose 
covalently crosslinked with lignin (Simmons et al., 
2010).  
 
The presence of lignin, a non-linear phenolic 
polymer, blocks the access of cellulases and β-
glucosidases to the polysaccharide components 
limiting a process known as saccharification in the 
second-generation biofuel production (Chen and 
Dixon, 2007) 
 
A negative correlation between lignin content and 
saccharification efficiency of plant cell walls has 
been demonstrated in different studies(Chen and 
Dixon, 2007) . The impact of lignin on cellulosic 
bioenergy conversion   depends on the content, 
composition and polymeric structure (Achyuthan et 
al., 2010).  Studies showed that physicochemical 
changes in lignocellulosic structure lead to an 
improvement in glucose yield after enzymatic 
digestion (Li et al., 2010). In general, changes in 
lignin composition could improve biomass 
conversion if there is an increase in S/G ratio due to 
the linear structure of S lignin. Sugar release in 
Miscanthus (Yoshida et al., 2008) and Populus 
(Davison et al., 2006) was reported to be influenced 
by either lignin content or composition.  
 
Therefore, costly pretreatments to degrade lignin 
and improve saccarification are necessary for 
biomass conversion to biofuel (Simmons et al., 
2010). In order to facilitate the access of enzymes 
to polyssacharides substrates, mechanical and 
chemical pretreatment methods have been 
developed to disrupt and/or remove lignin 
(Kristensen et al., 2008).  The chemical methods 
include: organic solvents, ionic liquids, and Kraft 
pulping, dilute acid, ammonia fiber expansion, and 
hydrothermolysis (Simmons et al., 2010). However 
these pretreatments are not only energetically 
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costly, but also results in the production of 
molecular species such as 2-furaldehyde (furfural) 
and 5-hydroxymethylfurfural (HMF) that inhibit 
subsequent saccharification and fermentation steps 
of biofuel production (Shen et al., 2013). Therefore 
to reduce the input of chemicals and energy during 
the pretreatment reactions, lignin content and/or 
composition modification are main targets to 
improve polysaccharide extraction and reduce 
recalcitrance to enzymatic digestion for biofuels 
production.  
 
Several genetic approaches have been achieved to 
perturb the lignin biosynthesis pathway including: 
reducing total lignin, changing lignin composition 
and structure. A second approach is to redesign 
lignin by the incorporation of monolignol 
biosynthetic intermediates into the polymer, and 
introduction into the polymer novel, covalently 
modified monolignols to convert lignin into more 
valuable aromatic chemicals (Vanholme et al., 
2008; Simmons et al., 2010). 
 
Unfortunately, cell wall content or composition 
manipulation without affecting cell wall integrity 
and plant development is a challenge. Reductions in 
the biosynthesis of lignin, showed negative effects 
on plant growth and development resulting in a 
severe biomass yield reduction (Gallego-Giraldo et 
al., 2011). Drastic modifications in lignin content 
are usually associated with loss of cell wall 
integrity and vessel collapse (Anterola and Lewis, 
2002) Reduced levels of lignin could affect plant 
susceptibility to biotic and abiotic stresses (Dauwe 
et al., 2007).  However the cause of these unwanted 
pleiotropic effects was attributed to impaired water 
transport (Jones et al., 2001), the accumulation of 
phnylpropanoid pathway intermediates (Gallego-
Giraldo et al., 2011), the lack of cell wall integrity 
(Li and Chapple, 2010); and the modification of 
dehydrodiconiferyl alcohol glucoside (DCG) levels 
that could influence cell proliferation and expansion 
(Li and Chapple, 2010). 
 
An interesting approach was recently achieved in 
Arabidopsis to decrease lignin content preventing 

vessel collapse. This strategy includes two 
compatible modifications: replacing the promoter of 
the C4H gene by a vessel specific promoter to 
narrow down lignin biosynthesis into vessels, and 
increase secondary cell wall thickening. As a result 
of this combination of strategies healthy plants with 
lignin reduction and enhanced polysaccharide 
deposition in stems resulting in higher sugar yield 
after saccharification (Yang et al., 2013).  
 
On the other hand, significant variations in lignin 
composition, often results in plants without 
apparent adverse effects on development and 
morphology (Vanholme et al., 2012). These results 
show that altering monolignol composition using 
genetic engineering is a promising target to improve 
cell wall recalcitrance.  
 
In switchgrass, COMT downregulated transgenic 
plants with reduced lignin amounts increased up to 
38% bioethanol production than the wild type. In 
addition, transgenic plants required one-third to 
one-quarter less enzymes for conversion 
biosynthesis compared to the wild type (Fu et al., 
2011). Reduced levels of lignin and increased 
saccharification were also achieved when CAD 
(Saathoff et al., 2011) and 4CL1 were 
downregulated in switchgrass. In addition to a 
reduction in lignin content, silencing of 4CL1 in 
switchgrass resulted in a decrease in G-subunits 
(Xu et al., 2011). Transgenic alfalfa C3H and HCT 
downregulated lines showed an improvement in 
saccharification efficiency associated with lowest 
lignin content (<50% of the wild type) (Chen et al., 
2006). In maize, CAD downregulation led to 
increased bioethanol production (Fornale et al., 
2011). 
 
Recently, a general transcriptional repressor of the 
phenylpropanoid/lignin biosynthesis pathway 
(PvMYB4) was overexpressed in switchgrass 
plants. As a result, carbon flux into the lignin 
pathway was reduced leading to an increased yield 
ethanol production (Shen et al., 2013). 
 
As an alternative to the genetic approach, cell wall 
recalcitrance can be improved by ‘redesigning’ 
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lignin. The incorporation of atypical monomers that 
are rare or even absent, in lignin of wild-type plants 
can alter lignin structure (Jackson et al., 2008). For 
example, the incorporation of phenolics such as 
coniferyl ferulate into lignins resulted in a polymer 
with industrially cleavable linkages, which facilitate 
lignin removal by chemical pretreatments and 
improve saccharification efficiency (Simmons et 
al., 2010). Lignin extraction with of a grass cell 
wall model using NaOH pretreatment significantly 
increased when coniferyl ferulate was introduced 
into the polymer (Grabber et al., 2008). 
 
Concluding remarks  
 
The energy in plant biomass largely resides within 
plant cell walls. The fact that lignin is the major 
factor in lignocellulosic biomass recalcitrance to 
efficient processing has triggered an intensive 
research on lignin biosynthesis and its modification. 
Reduction of lignin level and modification of its 
composition by genetic engineering is likely one of 
the most effective ways of reducing costs associated 
with pre-treatment and hydrolysis of cellulosic 
feedstocks.  Since, the biosynthetic pathways to 
lignin monomers are conserved across species, the 
knowledge gained from model dicots, such as 
Arabidopsis, tobacco, alfalfa and poplar  was  
applicable to the agronomically important crops or 
bioenergy grasses. As a result an impressive 
numbers of transgenic species  with down-
regulation of major lignin genes showed reduced 
lignin content, increased dry matter degradability, 
and improved accessibility of cellulases for 
cellulose degradation. In spite of an obvious 
progress in our understanding of lignin pathway and 
successful generation of transgenic crops with 
targeted modification of lignin pathway some 
aspects of lignin biosynthesis are still unknown. For 
example, the mass-spec analysis of xylem extracts 
reveals that many phenylpropanoid-derived 
molecules still have an unknown identity 
(Vanholme et al., 2010).   Investigation of 
interactions between lignin and other metabolic 
pathways through re-direction of intermediate 

molecules will help to understand molecular aspects 
of plants adaptation to environment. This can be 
achieved by systems biology approach, 
transcriptomics, proteomics and metabolomics of 
lignin deposition and its spatio-temporal regulation 
by environmental factors and biotic stresses. 
Targeted biosynthesis of alternative monomers 
through genetic engineering represents a new and 
promising strategy to tailor lignin in forage and 
bioenergy crops (Vanholme et al., 2012).  
Addressing these issues will advance our 
understanding of cell wall biology in a much 
broader sense and stimulate new achievements in 
modification of lignin biosynthesis for 
improvement of plant and animal health and 
productivity and lead to production of new 
generation of bioenergy crops ensuring the 
sustainability of this new agricultural paradigm. 
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