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ABSTRACT 
Developmental lignification is a process where lignin is deposited to the plant cell wall during the normal cell differentiation. 
Lignification of cell walls occurs where increased support or water impermeability is needed, such as in tracheary elements and in 
sclerenchymatic tissues of e.g. fibers and in the endocarp of some fruits. The chemical structure and amount of lignin varies between plant 
species, cell types, and cell wall layers and as response to environmental conditions. Lignification is apparently regulated by hormonal 
signaling (e.g. gibberellin) controlling the multiple enzymes via various transcription factors (e.g. MYB and LIM) involved in the 
monolignol biosynthesis pathway and probably by the level of reactive oxygen species in the apoplast. The most extensively studied area 
of developmental lignification is the lignification of xylem cells. In this review, two main areas of xylem research are covered: Lignin 
biosynthesis in xylem cells of trees, and the tracheary element differentiation in the Zinnia elegans cell culture. Knowledge on xylem 
lignification in trees has increased enormously during the recent years due to development e.g. in histological and in molecular biology 
methods, whereas the Z. elegans system presents a well characterized model for studying cellular events in xylem differentiation. In 
addition, studies on other cases of developmental lignin biosynthesis in particular in monocotyledonous species are included. 
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DEVELOPMENTAL CELL WALL LIGNIFICATION IN 
PLANTS 
 
The arise of terrestrial life forms on earth set new demands 
to structural features of multi-cellular organisms. In order 
to increase in size on dry land, plants had to overcome for-
ces of gravity and wind, which demanded additional sup-
porting structures. The first examples of lignified tissues in 
plants come from the time of emergence of land plants of 
the early Devonian (Boyce et al. 2003). Presence of lignin 
in the plant cell wall made the structure rigid, more resis-
tant to physical and chemical stress, and in addition, ren-
dered the cells impermeable to water. In early land plants 
lignin deposition did not occur in water conducting tissues 
but in supporting tissues of the outer cortical layers. It was 
only in the development of eutracheophytes that lignified 
xylem developed to support the increasing plant mass, 

acting at the same time as water conducting tissue, a crucial 
step for the spread of plants to different environments 
(Boyce et al. 2003). However, it has been postulated further 
that the distribution of the hydrophobic lignin polymer and 
hydrophilic polysaccharides in the cell walls affect water 
conducting capacity of xylem tissue in such a manner that 
weak primary cell wall lignification favours high hydraulic 
conductivity e.g. in ferns and vice versa e.g. in conifer 
tracheids (Boyce et al. 2004). 

Developmental lignification is a process where lignin is 
deposited to the plant cell wall during the normal cell dif-
ferentiation. Those plant cells where extensive cell wall lig-
nification is part of cell differentiation go through program-
med cell death (PDC) at the end of the differentiation pro-
cess. The hollow tubes of tracheary elements and structural 
fibers and masses of sclerenchymatic tissues e.g. in seeds 
and in the endocarp of some fruits are all dead cells with 
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highly lignified cell walls, which are required for their 
biological functions in the plants. In this review, recent 
achievements in research of developmental lignification in 
xylem and some other tissues are described, with emphasis 
on the controlling factors of lignin deposition during tissue 
development. It is becoming more and more obvious that 
the amount of regulatory factors in developmental lignifi-
cation is large, thus allowing both tight control and sensi-
tive fine-tuning of lignification patterns during plant life. 
 
LIGNIN STRUCTURES AND DEPOSITION 

 
Lignin is a branched polymer of lignin monomers, mainly 
hydroxycinnamyl alcohols coniferyl, sinapyl and p-couma-
ryl alcohol (monolignols). The chemical structure of lignin 
varies between plant species. Generally, in gymnosperms 
lignin consists mainly of guaiacyl units derived from coni-
feryl alcohol while in angiosperms lignin is a co-polymer of 
sinapyl and coniferyl alcohols (syringyl (S) and guaiacyl 
(G) units). p-Coumaryl alcohol derived lignin is relatively 
high in monocots (H-type lignin) but it is present in both 
angiosperms and gymnosperms in small amounts. Lignin 
amount and composition is also different in different cell 
types and cell wall layers (Terashima et al. 1986), sugges-
ting that lignins are deposited in a highly regulated manner 
for different biological functions.  

Most of the information on proceeding of cell wall lig-
nification comes from the studies on cell wall development 
in xylem cells. At the early stage of cell wall formation 
middle lamella and cell corner areas are porous containing 
cellulose and hemicelluloses embedded in a hydrophilic 
pectin gel (Carbita and Gibeault 1993). The secondary cell 
walls of xylem cells consist of three sublayers (S1, S2, and 
S3), which are formed at consecutive periods during cell 
differentiation (Fig. 1A). The carbohydrate matrix and the 
orientation of microfibrils influence lignin deposition (Tay-
lor et al. 1992). In the middle lamella and the primary wall, 
lignin is spherically formed while in the secondary wall lig-
nin forms lamellae that follows the orientation of the cellu-
lose microfibrils (Carbita and Gibeault 1993).  

Cell wall lignification initiates from cell corners and 
middle lamella, proceeding towards inner parts of the cell 
wall along with cell wall thickening (Fig. 1B). In lignin 
polymerization process monolignol units are linked toge-
ther via radical coupling reactions either by carbon-oxygen 
(ether bond) or carbon-carbon bonds linkages. The most 
frequent inter-unit linkage is the �-O-4 (�-aryl ether) lin-
kage, which is easily cleaved chemically for example in 
pulping (non-condensed lignins). Lignins containing mainly 
G units, such as in conifers, have high amounts of more re-
sistant �-5 and 5-5 linkages (condensed lignins) than lig-
nins incorporating S units, because of the availability of the 
C5 position for coupling (Boerjan et al. 2003). However, 
cell walls of vessel elements contain more G-units and con-
sequently condensed lignin than fibre walls also in broad-

leaf trees (Grünwald et al. 2002). The dibenzodioxocin (5-5-
O-4) substructure is frequently found from the S3 layer of 
conifers and broadleaf trees, and its formation could be rela-
ted to the termination of lignin deposition (Fig. 1C; Kuk-
kola et al. 2004). 

During first stages of lignification, both in conifers and 
broad leaf trees relatively high amounts of H units are depo-
sited to middle lamella. Condensed G in conifers and con-
densed G and GS lignin subunits in cell corner and inter-
corner middle lamella regions are also deposited prior to S1 
formation (Terashima et al. 1998; Grünwald et al. 2002). Si-
multaneously with the completion of S1 polysaccharide de-
position, non-condensed lignin subunits are deposited into 
S1 layer while S2 polysaccharide deposition initiates in ou-
ter secondary wall regions near cell corners. With on-going 
polysaccharide deposition in S2 layer, non-condensed ligni-
fication extends from the S1 to the outer part of S2 layer 
and subsequently towards the inner S2 after the start of S3 
formation (Terashima et al. 1998; Grünwald et al. 2002). 
 
LIGNIN BIOSYNTHESIS 
 
The monolignols are synthesized in the cytosol, transported 
to the developing cell wall and polymerized by radical 
coupling (Fig. 2). Phenylalanine ammonia-lyase (PAL), cin-
namate 4-hydroxylase (C4H) and 4-coumarate coenzyme 
A:ligase (4CL) catalyze the reactions initiating from phenyl-
alanine and leading to synthesis of p-coumaryl CoA, which 
is the precursor of various secondary metabolites in plants, 
including the lignin monomers, the monolignols. PAL, C4H 
and 4CL exist as small gene families in various plants, and 
it has been found that different members of these gene fa-
milies function in the synthesis of different secondary meta-
bolites (Kao et al. 2002; Hamberger and Hahlbrock 2004; 
Lu et al. 2006). In Pinus taeda cell culture, the transcript 
levels of several genes involved in monolignol biosynthesis 
were up-regulated and the amounts of coniferyl and p-cou-
maryl alcohols were increased by providing the cultures 
with saturating levels of phenylalanine, showing that 
amount of phenylalanine is one of the controlling factors of 
monolignol biosynthesis (Anterola et al. 2002). Down-regu-
lation of C4H causes decreased PAL expression in transge-
nic tobacco, which indicates feedback regulation of PAL by 
cinnamate (Blount et al. 2000). PAL1 and C4H co-localise 
in the ER membrane at least in tobacco, which enables effi-
cient metabolic channeling between the two enzymes and 
thus may control the feedback inhibition of PAL by redu-
cing the size of cellular cinnamate pool (Achnine et al. 
2004). 

Monolignols are synthesized from p-coumaryl CoA 
through multiple enzymatic reactions (Fig. 2). The common 
enzymes in the synthesis all the three monolignols, p-cou-
maryl alcohol, coniferyl alcohol and sinapyl alcohol, are 
cinnamoyl-CoA reductases (CCR) and cinnamyl alcohol de-
hydrogenases (CAD). These enzymes exist as small gene fa-

Fig. 1 Secondary cell wall structures 
and lignification as seen in stem xy-
lem cross sections of Norway spruce 
(Picea abies). (A) electron micro-
scopy image of developing secondary 
cell walls at the cell corner (M, middle 
lamella; S1, S2, secondary cell wall 
sublayers); (B) light microscopy 
image of developing xylem stained 
with safranin for lignin (red) and 
Alcian blue for cellulose (blue); (C) 
confocal image of developing xylem 
treated with an antibody against 
dibenzodioxocin (a lignin substruc-
ture) with Alexa Fluor 642 detection 
(red). 
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milies and due to their expression profiles can be divided 
into those assigned for developmental lignification and 
others which are defence related (reviewed by Boudet et al. 
2004). According to the current view of monolignol biosyn-
thesis, p-coumarate 3-hydroxylases (C3H), hydroxycinna-
moyl CoA: quinate/shikimate hydroxycinnamoyl transfer-
rase (HCT) and caffeoyl coenzyme A 3-O-methyltransfe-
rase (CCoAOMT) are involved in the synthesis of both co-
niferyl and sinapyl alcohols, whereas ferulate or coniferal-
dehyde 5-hydroxylases (F5H or Cald5H) and hydroxyconi-
feraldehyde 5-O-methyltransferases (COMT or AldOMT) 
are required for the synthesis of sinapyl alcohol (Boerjan et 
al. 2003). HCT is located in branching point of synthesis of 
monolignols and other products of phenyl propanoid path-
way, and recently, it has been shown that silencing of HCT 
causes not only decreased lignification but also accumu-
lation of flavonoids and as consequence of that, inhibited 
auxin transport and reduced growth in transgenic Arabidop-
sis plants (Besseau et al. 2007). On the other hand, a recent 

study on genetically modified alfalfa, where several mono-
lignol biosynthetic genes were down-regulated indepen-
dently, questioned the role of CCoAOMT in the synthesis of 
sinapyl alcohol (Chen et al. 2006), suggesting that re-evalu-
ation of routes for synthesis of different types of lignin may 
be needed. 

While the amount of unclear points in the monolignol 
biosynthetic pathway is decreasing, much less is known 
about the final transport and polymerization of the monolig-
nols. Monolignols are found in plants either as free mono-
lignols or as monolignol glucosides. It is still unclear whe-
ther the monolignol glucosides are a transport form, an in-
termediate or a storage form (Tsuji and Fukushima 2004). 
Transport of monolignols/monolignol glucosides to the apo-
plast is thought to occur by vesicle transport or via specific 
ATP-binding cassette (ABC) transporters. In high resolution 
examination of lodgepole pine cambial and xylem sections, 
Samuels et al. (2002) detected dark staining Golgi vesicles 
in developing xylem cells in osmiatic samples, indicating 

Fig. 2 Lignin biosyn-
thesis. Enzymes in-
volved in/associated 
with biosynthesis of 
lignin (see text for 
abbreviations). 
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phenolic, possibly monolignol content. On the other hand, 
in global transcript profiling of Arabidopsis stems, seven 
genes coding ABC transporters have shown similar expres-
sion profiles to known monolignol biosynthetic genes (Ehl-
ting et al. 2005). Recently, it has been suggested even that 
the hydroxylation level of monolignols would allow their 
passage through the plasma membrane by diffusion. This 
view is supported by the observation that the partition of di-
lignols into liposomes resembled the partitioning of mem-
brane-penetrating pharmaceutical drugs (Boija and Johans-
son 2006). 

The final polymerization of the monolignols still awaits 
conclusive results. The oxidation of monolignols, as well as 
the oxidation of the existing lignin polymer, is required for 
the polymerization to proceed. Class III plant peroxidases 
(POXs) and laccases and other phenol oxidases are the en-
zyme groups considered to be responsible for the oxidative 
reactions in lignin polymerization (Fig. 2). Both POXs and 
laccases exist as multigene families apparently in all land 
plants (e.g. in Arabidopsis, 73 POXs (Welinder et al. 2002) 
and 17 laccases (McCaig et al. 2005) and they show wide 
functional diversity (Mayer and Staples 2002; Passardi et al. 
2005), which makes their functional determination difficult. 
Laccases are expressed in lignifying tissues in many plant 
species (Bao et al. 1993; Ranocha et al. 1999), and recently 
it has been shown that lignin amounts are decreased in 
seeds of Arabidopsis thaliana plants with a mutation in a 
laccase gene (Liang et al. 2006). Both anionic and cationic 
POXs have been implicated in lignin polymerization e.g. 
due to their expression profiles, catalytic properties and im-
pacts of their down-regulation in transgenic plants (Øster-
gaard et al. 2000; Li et al. 2003; López-Serrano et al. 2004). 
However, there is no evidence that monolignol polymeri-
zation would be denoted to a single enzyme and it is more 
likely that it is done by co-operation of several enzymes in 
vivo. 

In addition to oxidative enzymes, involvement of diri-
gent proteins (DIR) in the polymerization of lignin has been 
debated. Dirigent proteins (Latin: dirigere, to align or 
guide) are cell wall proteins, which themselves lack oxida-
tive capability, but are able to bind and orientate monolig-
nol radicals thereby promoting stereoselective radical coup-
ling (Davin et al. 1997). They have been shown to guide 
the coupling of monolignol radicals in the formation of lig-
nans, monolignol dimers with an important role in defense 
reactions and it has been postulated that dirigent proteins 
would direct monolignol polymerization also in lignin syn-
thesis, which is thought to explain e.g. the structural varia-
tion between lignins in different cell wall layers (Davin et 
al. 1997; Burlat et al. 2001). 
 
PLAYERS IN THE REGULATION OF 
DEVELOPMENTAL LIGNIFICATION 

 
Over a decade ago, Aloni et al. (1990) showed that auxin 
and gibberellin have an impact on lignin composition and 
yield in phloem fibers and secondary xylem in stems of 
Coleus blumei. Since then, intensive studies have produced 
a lot of information on the function of auxin, in addition to 
cytokinin, in xylem development, while only little is known 
about the mechanisms of hormonal regulation of lignin bio-
synthesis. However, recently Biemelt et al. (2004) have 
shown that in transgenic tobacco plants with reduced 
amounts of gibberellin, expression of monolignol biosyn-
thetic genes decreased and the amount of lignification was 
reduced when compared to wild type. In addition, short 
term feeding of GA3 to these gibberellin deficient plants re-
sulted in increased lignin accumulation without transcrip-
tional activation of monolignol biosynthesis, suggesting a 
role for gibberellin also in the polymerization of monolig-
nols (Biemelt et al. 2004). Similarly, ectopic expression of 
BnET, a repressor of gibberellin mediated processes from 
Brassica napus, in Arabidopsis and tobacco plants, also 
caused reduced xylem lignification (Ellerström et al. 2005), 
indicating again that gibberellin responses are needed in the 

normal developmental lignification in xylem tissue. Expres-
sion levels of the genes involved in monolignol biosynthesis 
vary according to the circadian rhythm, and are controlled 
by light and carbon availability (Rogers et al. 2005). Feed-
ing experiments of dark-grown Arabidopsis plants also sug-
gested that sugars work not only as carbon sources but also 
as signals for transcriptional enhancement of lignin biosyn-
thesis (Rogers et al. 2005). 

Promoters of several genes encoding enzymes involved 
in monolignol biosynthesis (PAL, C4H, COMT, CCoAOMT, 
4CL, CCR and CAD) contain common conserved elements 
rich in cytosine and adenosine called AC elements (or H-
boxes or PAL boxes) (Logemann et al. 1995; Bell-Lelong et 
al. 1997; Chen et al. 2000; Lacombe et al. 2000; Lauvergeat 
et al. 2002). LIM and MYB type transcription factors can 
bind to the AC elements and control the expression of lignin 
biosynthetic genes in transgenic tobacco plants (Tamagnone 
1998; Kawaoka et al. 2000; Kawaoka and Ebinuma 2001). 
Genome-wide analysis of lignification related genes in Ara-
bidopsis has shown that in seven of the lignin biosynthesis 
related gene families (PAL, 4CL, HCT, C3H, CCoAOMT, 
CCR and CAD) at least one member of the family has AC 
elements in the promoter region (Raes et al. 2003). The 
gene families lacking AC-elements in their promoters (C4H, 
F5H and COMT), except C4H, were specifically involved 
in sinapyl alcohol synthesis. From this the authors conclu-
ded that AC-elements could be involved especially in con-
trolling the synthesis of G-type lignin in Arabidopsis (Raes 
et al. 2003). 

Recently, involvement of NAC domain transcription 
factors in regulation of secondary wall formation and ligni-
fication has been demonstrated (Mitsuda et al. 2007; Zhong 
et al. 2007). Mitsuda et al. (2007) have shown that in dou-
ble knock-out Arabidopsis plants lacking two NAC domain 
transcription factors, NST1 and NST3, the lignified secon-
dary cell wall thickenings in interfascicular stem fibers were 
completely suppressed. Similarly, simultaneous inhibition of 
expression of NAC transcription factor SND1 and NST1, 
caused loss of all the major secondary cell wall components, 
cellulose, xylan and lignin, in Arabidopsis stem fibers 
(Zhong et al. 2007). Inhibition of NST1/NST3 or SND1/ 
NST1 had no impact on vessel walls, and inhibition of none 
of the transcription factors alone were able to create the de-
fective fiber wall phenotype, indicating that these two trans-
cription factors control secondary cell wall formation spe-
cifically in fibers redundantly (Mitsuda et al. 2007; Zhong 
et al. 2007). Transcriptional analysis of the NST1/NST3 and 
SND1/NST1 inhibited lines revealed reduced expression of 
genes involved in synthesis of secondary wall components, 
including genes coding for enzymes involved in lignin bio-
synthesis (Mitsuda et al. 2007; Zhong et al. 2007). Interes-
tingly, several transcription factor genes, including three 
MYB and two other NAC genes, were also down-regulated 
in SND1/NST1 inhibited plants, indicating that they may 
function in regulation of genes involved in synthesis of se-
condary cell wall components, e.g. lignin (Zhong et al. 
2007). On the other hand, over-expression of Arabidopsis 
MYB26 gene, involved in regulation of secondary thicke-
ning formation in anther endothecium, increased expression 
of two NAC-domain transcription factors, NST1 and NST2, 
and induced ectopic secondary thickening and lignification 
especially in epidermal tissues of transgenic Arabidopsis 
and tobacco plants (Yang et al. 2007). 
 
LIGNIFICATION IN DEVELOPMENT: CASE 
STUDIES 

 
Lignification during xylem development 

 
Mature tracheary elements (TEs), tracheids and vessel ele-
ments in xylem tissue are hollow dead cells, joined together 
either with masses of ring pores (tracheids) or with openings 
at the vertical ends of the cells (vessels). During differenti-
ation, the developing tracheary elements deposit highly lig-
nified secondary cell walls, with annular, spiral, reticular, or 
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pitted thickening patterns. In addition to TEs, xylem tissue 
contains parenchymatic cells, the cell walls of which may 
become partly lignified and are involved TE development. 
In this review, recent achievements in two important areas 
of xylem research are covered: the TE lignification in the 
Zinnia elegans cell culture system and xylem lignification 
in trees. The Zinnia cell culture system is a well characte-
rized model system for studying xylogenesis in vitro, 
whereas trees, being the major carbon stores both in forms 
of cellulose and lignin, are invaluable ecologically, econo-
mically and culturally. 

 
Studies on tracheary element lignification in the 
Zinnia cell culture 

 
Zinnia elegans suspension cultured cells have been used 
successfully in the study of the regulation of tracheary ele-
ment (TE) differentiation. When supplied with appropriate 
amounts auxin and cytokinin, in this culture system (up to 
96 hours) the isolated Zinnia mesophyll cells transdifferen-
tiate into TEs (Fukuda 1997). Being a model for xyloge-
nesis, the Zinnia system is also a valuable tool for studying 
lignification during xylem development. Pesquet et al. 
(2005) have demonstrated that relative amounts of auxin 
and cytokinin in Zinnia culture media have an impact on 
CCoAOMT and COMT expression patterns in differenti-
ating TEs: in the presence of auxin CCoAOMT shows two 
expression peaks during TE development, whereas when 
cytokinin alone is present, CCoAOMT expression remains 
at the elevated level once induced. The supplying of gibbe-
rellin in the culture media, and on the other hand, inhibition 
of endogenous gibberellin synthesis, have impacts on the 
degree of TE lignification (Tokunaga et al. 2006), sugges-
ting that gibberellins may function in the downstream hor-
monal regulation of lignification during TE development. 
Gibberellin treatment also caused reduction of lignin pre-
cursors in culture media indicating again that gibberellin 
enhances lignin polymerization (Tokunaga et al. 2006). 

Microarray analysis of different stages of TE develop-
ment have revealed that while genes coding for lignin poly-
merizing enzymes (six laccases and one peroxidase) were 
specifically expressed in lignifying TEs, the monolignol 
biosynthetic genes were expressed apparently both in ligni-
fying TEs and in non-lignifying cells (Demura et al. 2002). 
This is in accordance with the findings of Hosokawa et al. 
(2001), who demonstrated that in the Zinnia system mono-
lignols polymerized to lignin are supplied by not only the 
TEs but also by the parenchymatic cells in the medium. In-
terestingly, oligolignol feeding studies with Zinnia cultures 
suggest that lignin polymerization in TEs can proceed by 
incorporating also preformed dilignols into the lignin 
polymer (Tokunaga et al. 2005). The transcriptional analy-
sis of Zinnia TEs by Demura et al. (2002) suggested the 
involvement of several laccases to TE lignification. How-
ever, there is also convincing evidence for the participation 
of cationic POXs to monolignol polymerization in Zinnia 
TEs, as they localize correctly spatially and temporally and 
catalyze the oxidation of both sinapyl and coniferyl alco-
hols efficiently (Gabaldón et al. 2005; Sato et al. 2006). 

In accordance to the importance of peroxidases in TE 
lignification, Gabaldón et al. (2006) have demonstrated that 
the availability of hydrogen peroxide is a restricting factor 
in monolignol polymerization in Zinnia cells. Hydrogen 
peroxide is provided by both the differentiating tracheary 
elements and the parenchymatic cells, and it has been no-
ticed that hydrogen peroxide levels are high in Zinnia cell 
cultures during the entire culture period, in the order of 1-3 
mM, and localize especially in the areas of the developing 
cell wall where cell wall thickenings and lignin deposition 
are found (Gómez Ros et al. 2006). The H2O2 level depends 
on its production rate (by NADPH oxidase, polyamine oxi-
dases and oxalate oxidases (Allan and Fluhr 1997) and con-
sumption by various chemical and enzymatic events such as 
reactions with intercellular ascorbic acid (Baker and Mock 
2004). Furthermore, a rise in H2O2 levels has been observed 

at the late phase of tracheary element differentiation in the 
Zinnia system and this coincides with the expression of a 
cationic peroxidase apparently responsible for monolignol 
polymerization (López-Serrano et al. 2004), occurring at the 
same time as lignin polymerization begins (Hosokawa et al. 
2001). 

 
Xylem lignification in trees 

 
Trees produce large amounts of lignified xylem during se-
condary growth. In fact, with their enormous height and du-
rability they can be considered as the ultimate example of 
extensive lignin deposition in the plant kingdom. Because of 
their woody characteristics, trees have been rather difficult 
to study: they are too large, too difficult to handle and the 
time between generations is too long. However, the recent 
development in histological, biochemical and molecular 
biology methods has produced large amounts of new infor-
mation about the lignification and its regulation during xy-
lem formation in trees. In the first completely sequenced ge-
nome of a tree species, Populus trichocarpa (Tuskan et al. 
2006), 34 phenylpropanoid and lignin biosynthetic genes 
have been found. It has been discovered also that most of 
the lignin biosynthetic gene families are larger in Populus 
than in the first completely sequenced dicot species, Arabi-
dopsis. The only exception is CAD, which in Populus is 
present as only one copy, in comparison to two in Arabidop-
sis (Tuskan et al. 2006). 

Modification of lignin structures and amount through 
genetic manipulation of monolignol biosynthesis route has 
obtained not only scientific but also economic interest, since 
these factors affect the cost of wood processing e.g. in pulp 
and paper industry (Halpin and Boerjan 2003). The greatest 
reduction in total lignin amount has been achieved in trans-
genic trees where the targets of genetic modification have 
been genes involved in synthesis of apparently all monolig-
nols (e.g. 4CL, CCoAOMT), whereas alteration of expres-
sion of genes specific for sinapyl alcohol synthesis (e.g. 
COMT, CAld5H) have had a strong impact on S/G lignin 
ratio (Lapierre et al. 1999; Jouanin et al. 2000; Zhong et al. 
2000; Li et al. 2003). 

Multiple POXs and phenol oxidases, possibly involved 
in lignin polymerization, are found in the xylem of gymno-
sperm and angiosperm trees during developmental lignifi-
cation. Laccases have been associated with lignification in 
trees since they have correct spatiotemporal localization and 
biochemical properties (Bao et al. 1993; Ranocha et al. 
1999; Sato et al. 2001, 2006). However, the structural chan-
ges in secondary cell walls of transgenic poplars expressing 
antisense laccases suggest an important role for laccase in 
cell wall attachment, but not in lignification (Ranocha et al. 
2002). Quantitative RT-PCR results of Koutaniemi et al. 
(unpublished) have revealed that at least 13 different POX 
genes with varying transcript levels are expressed in Nor-
way spruce developing xylem. Christensen et al. (1998) 
have characterized an anionic syringaldazine oxidizing POX 
in poplar xylem apparently involved in syringyl lignin syn-
thesis, and Li et al. (2003) have shown that down-regulation 
of an anionic POX alters lignin content and composition in 
hybrid aspen. Cationic POXs are dominant in Norway 
spruce xylem protein extracts through the period of annual 
growth (Marjamaa et al. 2003) and are able to catalyze the 
oxidation of coniferyl alcohol (Marjamaa et al. 2006a). At 
least one of the cationic spruce POXs, PaPx1, is specifically 
expressed in lignifying tracheids in spruce seedlings (Mar-
jamaa et al. 2006b). Recently, Sasaki et al. (2004) have 
shown that a cationic POX from poplar callus cultures (Po-
pulus alba L.) is able to catalyze the oxidation of polymeric 
lignin. The gene coding for this cationic POX is constitu-
tively expressed in developing xylem and the enzyme loca-
lizes to the middle lamella, cell corners and secondary cell 
walls of lignifying fibers in poplar, further suggesting that 
this enzyme is involved in lignin formation (Sasaki et al. 
2006). 

In the lignin forming tissue culture system of Norway 
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spruce, inhibition of peroxidase activity through H2O2 sca-
venging caused a drastic reduction in lignin formation (Kär-
könen et al. 2002). Availability of hydrogen peroxide could 
be one of the controlling factors in lignin polymerization 
also in trees. Accumulation of hydrogen peroxide in the cell 
walls is controlled by reducing agents, most importantly 
ascorbate, the amount of which is apparently reduced to a 
minimum in lignifying cell walls in trees through ascorbate 
oxidase activity (Kärkönen et al. 2006; Ros-Barceló et al. 
2006). Lignification was also induced and the expression of 
lignin biosynthetic genes was increased in transgenic hy-
brid aspen trees with elevated extracellular hydrogen pero-
xide concentrations due to expression of antisense super-
oxide dismutase (Srivastava et al. 2007). 

Not much is known about hormonal control of xylem 
lignification in trees. The role of gibberellin in the regula-
tion of lignin synthesis has been studied in trees. In trans-
genic hybrid aspen with elevated gibberellin levels especi-
ally the expression levels of genes involved in sinapyl 
alcohol synthesis were increased, resulting in increased 
syringyl content in xylem lignin (Israelsson et al. 2003). 

R2R3-MYB family transcription factors are involved in 
transcriptional regulation of monolignol biosynthetic genes 
during xylem lignification in trees, apparently working as 
inducers or repressors of gene expression. In angiosperm 
trees, MYB transcription factors can regulate the lignin 
amount and syringyl versus guaiacyl lignin content, al-
though results here have been somewhat controversial. 
Over-expression of R2R3-MYB transcription factor from 
Eucalyptus, EgMYB2, in transgenic tobacco plants in-
creased expression the genes specific for monolignol syn-
thesis (Goicoechea et al. 2005). The cell walls of xylem 
cells of the transgenic plants were thicker and showed more 
intense staining with lignin dyes such as phloroglucinol-
HCl and Mäule reagent. Thioacidolysis analysis showed 
that transgenic tobacco lines also had relatively higher sy-
ringyl lignin content than control plants, apparently depen-
ding upon the strong increase in COMT expression, indi-
cating such a role for EgMYB2 in the regulation of lignin 
composition (Goicoechea et al. 2005). On the other hand, 
the transcriptional and promoter analysis of C4H genes in 
Populus showed that the C4H genes without AC-elements 
in promoters are expressed in areas with high syringyl 
lignin content, suggesting again a varying role for MYB 
binding AC elements in the synthesis of different types of 
lignin (Lu et al. 2006). On the other hand, antisense expres-
sion of one of the hybrid aspen MYB transcription factors, 
PttMYB21a resulted in increased lignification and trans-
cription of CCoAOMT in transgenic aspen, indicating that 
this MYB transcription factor acts as a transcriptional re-
pressor of lignin biosynthesis (Karpinska et al. 2004). 

Pinus taeda R2R3-MYB transcription factors PtMYB1 
and PtMYB4 are both expressed in the developing xylem 
and are able to bind to AC elements (Patzlaff et al. 2003). 
PtMYB4 is specifically expressed in lignifying pine cells 
and lead to increased lignin deposition in transgenic tobac-
co plants through activation of the transcription of monolig-
nol biosynthetic genes (Patzlaff et al. 2003). Interestingly, 
both PtMYB1 and PtMYB4 have been found to be able to 
activate the promoter of Pinus sylvestris glutamine synthase 
gene PsGS1b (Gómez-Maldonado et al. 2004). Nitrogen 
recycling has been shown to occur in lignifying Pinus taeda 
cell cultures and glutamine synthases are proposed to be 
important enzymes involved in nitrogen recycling (van 
Heerdent et al. 1996). The co-regulation of genes involved 
in nitrogen recycling and monolignol biosynthesis provides 
a mechanism for coordination of lignin synthesis and re-
assimilation of the remarkable amounts of ammonium re-
leased during the phenylpropanoid metabolism (Gómez-
Maldonado et al. 2004). 

As long living plant individuals, trees have developed 
mechanisms to maintain their structural organization des-
pite changes in the environment. When the existing tree 
trunk is bent, so called reaction wood is formed in order to 
resume the original alignment. In conifers, reaction wood 

(compression wood) appears on the lower side of bent struc-
ture, while in angiosperms reaction wood (tension wood) 
appears on the upper side of e.g. branches. Both xylem 
structure and lignification patterns are altered in the reaction 
woods. In fibres of tension wood, S3 layer in secondary cell 
wall is replaced with gelatinous G layer composed mainly 
of crystalline cellulose. Gierlinger and Schwanninger (2006) 
detected a small (0.5 mm) lignified border toward the lumen 
in the gelatinous layer of poplar tension wood by confocal 
Raman microscopy, which can impede the degradation of 
the cellulosic G-layer and thus may act as a defense line 
against microorganisms. Compression wood is characterized 
with higher lignin content and higher amounts H-type lignin 
compared to normal wood (Önnerud and Gellerstedt 2003). 
In severe compression wood tracheid cross-sections are 
round, with large intercellular spaces, and S3 layer of se-
condary cell wall is absent. 

The reduced lignin content in tension wood and the in-
creased lignin amounts in compression wood are apparently 
caused by changes in transcription levels of monolignol bio-
synthetic genes (Zhang and Chiang 1997; Andersson-Gun-
nerås et al. 2006; Koutaniemi et al. unpublished), but how 
this is regulated is still poorly understood. The MYB trans-
cription factor PttMYB21a with an ability to repress the ex-
pression of monolignol biosynthetic genes (Karpinska et al. 
2004) was induced in compression wood in Populus, indica-
ting again its role in down-regulation of lignin biosynthesis 
(Andersson-Gunnerås et al. 2006). On the other hand, Lu et 
al. (2005) have shown that novel microRNAs in poplar xy-
lem are regulated by mechanical stresses and thus may func-
tion in the controlling the stress wood formation by selec-
tive gene silencing. 

 
Some other cases of developmental lignification 

 
In addition to conductive tissues in xylem, developmental 
lignification occurs in several other cell types where addi-
tional support, strength or impermeability is needed. Ligni-
fied sclerenchymal cells, sclereids and structural fibers form 
supporting and strengthening structures in plant tissues e.g. 
in seed coats and stems of many monocot species. When 
mature, their live protoplasts have disappeared and the se-
condary cell walls are thick and highly lignified and the lu-
men small in volume. Structural fibers are typically located 
in xylem and phloem tissues, whereas sclereids are found as 
layers, small groups or individual cells e.g. in many seeds 
and fruits. Lignin makes plant tissues less digestible by ani-
mals, which can enhance seed dispersal, but in the case of 
e.g. grass forages, is an unfavorable trait. In roots, apoplas-
tic diffusion of water and nutrients is hindered by deposition 
of suberin and lignin into the endodermal and to some ex-
tent hypodermal cell walls. Here, recent studies on develop-
mental lignification in monocotyledon grass species are re-
viewed. 

 
Studies on grass lignin 

 
Lignin in grasses is composed of guaiacyl, syringyl, and p-
hydroxyphenyl units, with incorporation of relatively high 
amounts of hydroxycinnamyl acids, most of all p-coumarate 
and ferulate. p-Coumarate is one of the intermediate precur-
sors of monolignols synthesized from cinnamate by C4H, 
and in the cell wall, it is often ester linked to lignin S units 
(Grabber et al. 1996). Recent studies indicate that ferulate is 
synthesized from coniferylaldehyde by the enzyme alde-
hyde dehydrogenase (ALDH), and not as previously thought 
through methylation of caffeic acid (Nair et al. 2004). Feru-
late can be ester linked to cell wall polysaccharides and/or 
ether linked to lignin G units, thus cross-linking polysaccha-
rides to lignin (Ralph et al. 1998). During tall fescue deve-
lopment, the most remarkable lignification related anatomi-
cal change in stems is the formation and development of a 
sclerenchymal ring (Chen et al. 2002). At the same time, the 
amount of lignin in stems increased ten fold and ruminal 
degradability decreased from 80% to 30% (Chen et al. 
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2002). S/G lignin ratio also increased during stem develop-
ment in tall fescue, while the amount of H units remained 
relatively low (Chen et al. 2002). The increase in tall fescue 
lignification was parallel with increased transcription and 
enzyme activities of COMT and CAD (Chen et al. 2002). 
The large portion of lignin in grass stems deposited to the 
sclerenchyma could be a suitable target for lignin genetic 
modification in order to achieve more digestable forage 
(Chen et al. 2002). 

Analysis of the chemical composition of endodermal 
and hypodermal cell walls in roots of several monocotyle-
donous and dicotyledonous plant species has revealed that 
while endodermal lignin is mainly composed of syringyl 
and guaiacyl units, considerable amounts of p-hydroxyphe-
nyl units, coumarate and ferulate are incorporated in lignin 
in the hypodermis, possibly reflecting its role in resisting 
mechanical stress (Schreiber et al. 1999). In roots of many 
monocotyledonous wetland species or plants suffering from 
flooding as in rice (Fig. 3), the barrier formation is en-
hanced along with aerenchyma formation in order to pre-
vent radial oxygen loss (McDonald 2002). A study on 
OsCAD2 promoter activity in rice leaves, stems and roots 
has revealed, that while the promoter activity was clearly 
related to lignifying cells in stems and leaves, in roots the 
promoter was active in the xylem but not in the lignifying 
sclerenchyma of the hypodermis (Tobias and Chow 2004). 
Instead, the OsCAD2 promoter was active in cortical cells 
adjacent to the exodermis, indicating again that these cells 
may supply monolignols to lignifying cells, but also show-
ing differences in the process of lignification in these two 
cell types (Tobias and Chow 2004). 

There are a limited number of studies on the impact of 
genetic modification of lignin biosynthetic genes to lignin 
contents and composition in monocots, and until recently, 
most of the information of lignification genetics have been 
obtained from naturally occurring mutants. Natural maize 
mutant lines bm1, bm2, bm3 and bm4 show lower lignin 
contents, altered lignin compositions and increased digesti-
bility (Barrière et al. 2004). The most studied mutant lines 
are bm1 and bm3, which show reduced CAD and COMT 
activities, respectively (Barrière et al. 2004). The reduction 
of lignin content is greatest in bm3 line (up to 40%) with 
decreased amounts of S units in lignin (Barrière et al. 2004). 
A recent cell wall macro array analysis of the maize mu-
tants has revealed that bm3 mutant phenotype is caused 
mainly by reduction in a single COMT gene expression 
(Guillaumie et al. 2007). In a transgenic maize plant ex-
pressing antisense COMT under a xylem and sclerenchyma 

specific promoter, reduced lignin content and decreased S/G 
lignin ratio especially in sclerenchyma fibers were observed 
(Piquemal et al. 2002). p-Coumarate esters were decreased 
in both bm1 maize and COMT antisense maize, being pos-
sibly a consequence from decreased S-unit deposition (Pi-
quemal et al. 2002; Barrière et al. 2004). The COMT defi-
cient maize plants with increased S/G ratio showed also in-
creased ruminal digestibility (Piquemal et al. 2002), which 
is opposite to the results from studies on chemical degrada-
tion of tree lignins (Li et al. 2003). CAD-deficient mutants 
of maize (bm1) and rice (GOLD HULL AND INTER-
NODE2, Zhang et al. 2006) and CAD down-regulated trans-
genic tall fescue (Chen et al. 2003) all showed a decrease in 
total lignin content without affecting relative amounts of 
different lignin units, differing from e.g. CAD down-regu-
lated poplar plants, where increase in cinnamoyl aldehyde 
content but no impact on total lignin amounts were observed 
(Baucher et al. 1996). 

In addition to several CAD/SAD gene family members, 
many other genes coding for proteins involved in phenyl-
propanoid metabolism and gene regulation were down-
regulated in bm1 maize plants, e.g. chorismate synthase 
(synthesis of phenyl alanine), PAL, 4CL, several CAD/SAD, 
peroxidases, laccases, and MYB and HDZIP III transcrip-
tion factors, indicating that a mutation in bm1 line affects 
upstream regulative element of phenylpropanoid metabo-
lism (Guillaumie et al. 2007). Interestingly, showing other-
wise very similar transcriptome to bm1, maize bm2 have 
highly decreased transcription in one of the ABC transporter 
genes. This could, if the transporter is specialized for coni-
feryl alcohol transport, be at least partly the reason for de-
creased guaiacyl lignin content detected in bm2 plants 
(Guillaumie et al. 2007). 

Little is known about regulation of lignification in 
grasses. Down-regulation of MYB and HDZIP III trans-
cription factors in bm1 maize may indicate their role as 
transcriptional inducers of expression of lignin synthesis 
related genes (Guillaumie et al. 2007). On the other hand, 
over-expression of MYB transcription factors in transgenic 
maize plants caused COMT down-regulation and decreased 
lignin contents (Fornale et al. 2006). In both bm1 and bm2 
plants, several ARGONAUTE genes, which may function in 
the control of post-transcriptional gene silencing of trans-
cription factors, were down-regulated, further increasing the 
complexity of the regulatory system in lignin formation in 
grasses (Guillaumie et al. 2007). 
 
CONCLUSIONS 

 
Developmental lignification is a complicated process occur-
ring in multiple cell types and it is influenced by activities 
of several enzymes and regulatory factors, as well as by 
other cell wall components and by environmental changes. 
Recent years have produced huge amount of information on 
the different components in lignin synthesis leaving still a 
lot of fascinating questions to be answered in the future. 
Among the unanswered questions are e.g. the process of 
monolignol transport and polymerization in the cell wall, 
possible differences in lignin biosynthesis pathways be-
tween monocotyledonous and dicotyledonous plant species 
and with a huge question mark, functioning of the network 
of regulatory elements underlying lignin biosynthesis. Once 
these are revealed, we can truly start to understand how lig-
nin is produced under normal developmental events, and on 
the other hand, as a response to various environmental cues. 
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Fig. 3 Lignin deposition in the endodermis and hypodermis in an ae-
renchymatic rice root. The root section is stained with safranin-Alcian 
blue for lignin (red) and cellulose (blue), respectively. A, aerenchyma; En, 
endodermis; Ex, exodermis; R, rhizodermis; S, sclerenchyma; Bar=20 �m.
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