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Cell wall digestibility, lignin content, and lignin composition were analyzed in transgenic tobacco
altered in the expression of the phenylpropanoid biosynthetic enzymes caffeic acid 3-O-methyl-
transferase (COMT) and L-phenylalanine ammonia-lyase (PAL). Reduction of COMT activity by
antisense technology resulted in reduced lignin content accompanied by an increased syringyl (S)/
guaiacyl (G) monomer ratio, as determined by pyrolysis/GC/MS and measurement of lignin methoxyl
content by wet chemistry. These results resemble those obtained by reduction of flux of lignin
precursors into the phenylpropanoid pathway by PAL suppression, which results in drastically
reduced lignin with sharply increased methoxyl content. Enzymatic digestibility of cell walls from
stem internodes was improved in the transgenic lines and was highly negatively correlated with
lignin concentration (r ) -0.97). Although lignin composition was also affected, lignin concentration
was the overriding factor influencing cell wall digestibility. The results provide a basis for new
strategies for lignin modification to improve digestibility of forages.
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INTRODUCTION

Lignin, a structural phenylpropanoid polymer in plant
cell walls, imposes limitations to forage digestibility
(Jung, 1989) and the efficiency of paper pulping (Glasser
and Kelley, 1987). The inhibitory effects of lignin
depend on its monomer composition (Reeves, 1985;
Buxton and Russell, 1988; Sewalt et al., 1996a) ,
functional groups (Sewalt et al., 1996b, 1997a), and the
extent of cross-linking to wall polysaccharides. The
ratio of indigestible residue to lignin content has been
reported to increase with maturity [e.g., Quicke and
Bentley (1959), Grabber et al. (1992)], which may be
caused by a different type of lignin (with respect to
monomer composition) being deposited in the cell wall
at a later stage of maturity. Increased lignification with
advancing maturity depresses digestibility of grasses
more than of legumes, which is associated with a more
rapid increase in syringyl-rich lignin in grasses (Buxton
and Russell, 1988).
Unfortunately, reduction in digestibility with increas-

ing maturity cannot be conclusively attributed to changes
in lignin content, lignin composition, or lignin structure
or to any other single cell wall component, due to many
associated changes in chemical constituents and physi-
cal structure occurring during plant maturation (Tit-
gemeyer et al., 1996). An alternative approach to
elucidation of inhibitory factors toward digestibility has
been by chemical or biological delignification [e.g., Jung
et al. (1992), Sewalt et al. (1997b)]. However, such
delignification strategies, although effective in enhanc-
ing fiber digestibility, never exclusively reduce lignin
content, as hemicellulose components, hydroxycinnamic
acids, lignin composition, and physical structure (pore

size) are also altered. Although in vitro studies employ-
ing extraneously added industrial lignins have pointed
to the crucial role of the phenolic hydroxyl group in
inhibiting cellulase activity (Sewalt et al., 1997a) and
microbial fiber digestion (Sewalt et al., 1996b), the
relative impact of lignin content and lignin composition
or structure on digestibility of plant cell walls has not
been adequately addressed.
To avoid confounding effects associated with compari-

sons of maturity stages, species or cultivars, plant
morphological parts, and pretreatments, the use of near-
isogenic lines altered in lignin biosynthesis may prove
useful. Although natural brown midrib lignin mutants
with improved digestibility are available (Kuc and
Nelson, 1964; Hartley and Jones, 1978, Sommerfeldt et
al., 1979), genetically engineered plants with targeted
alterations in expression of single lignin biosynthetic
genes potentially provide a cleaner system to study the
relative impact of lignin content and composition on
forage digestibility. In addition, interest in genetic
modification of lignin content and/or composition as a
means to improve the efficiency of paper pulping or to
increase digestibility of forages is intensifying (Campbell
and Sederoff, 1996; Boudet and Grima-Pettenati, 1996).
Recent approaches in lignin genetic engineering in-

volve down-regulation of the enzymes involved in lignin
monomer synthesis by expression of homologous or
heterologous antisense genes in transgenic plants (Dwive-
di et al., 1994; Halpin et al., 1994; Ni et al., 1994;
Atanassova et al., 1995; Van Doorsselaere et al., 1995).
Most reports to date suggest that reduced expression
of late enzymes of lignin monomer synthesis [caffeic acid
3-O-methyltransferase (COMT) and cinnamyl alcohol
dehydrogenase (CAD)] affect lignin composition without
affecting content (Halpin et al., 1994; Atanassova et al.,
1995; Van Doorsselaere et al., 1995), although one study
(Ni et al., 1994) revealed reduced lignin as an effect of
COMT suppression. In contrast, reduction of the flux
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into the lignin pathway at an earlier stage results in
reduced lignin content (Elkind et al., 1990; Bate et al.,
1994; Yao et al., 1995). Whether the differential effects
of suppression of early and late pathway enzymes are
universal remains to be verified.
A recent publication has reported that a decrease in

syringyl/guaiacyl (S/G) ratio of lignin in the apparent
absence of changes in lignin content can lead to a small
improvement in enzymatic digestibility of tobacco stems
(Bernard Vailhé et al., 1996). The purpose of the
present work was twofold: to examine more rigorously
the lignin content and composition of our previously
described transgenic COMT antisense tobacco (Ni et al.,
1994) in comparison with L-phenylalanine ammonia-
lyase (PAL)-suppressed tobacco in which the flux into
the phenylpropanoid pathway is severely reduced (El-
kind et al., 1990; Bate et al., 1994); and to determine
the relative importance of lignin content and lignin
composition toward in vitro digestibility in near-isogenic
lines modified in phenylpropanoid pathway enzyme
expression.

MATERIALS AND METHODS

Plant Material. Transgenic tobacco (Nicotiana tabacum
L. cv. Xanthi) plants originated from two internally controlled
experiments in which expression levels of either COMT or PAL
were altered. Within each experiment, all plants were grown
simultaneously under identical conditions. COMT-suppressed
tobacco was obtained by expression of an alfalfa antisense
COMT cDNA fragment (Ni et al., 1994). Plants evaluated
were 5-week regrowth of three independent untransformed
control lines, three primary COMT transformants, and six T1-
progeny plants of the most severely COMT-downregulated
primary transformant.
Tobacco lines altered in PAL expression were produced by

introduction of the bean PAL2 transgene in the sense orienta-
tion (Elkind et al., 1990; Bate et al., 1994). Selected lines
analyzed represent severely PAL-suppressed, recovery (after
five generations of self-fertilization), wild-type (after loss of
transgene), and PAL-overexpressing phenotypes. The PAL
lines were grown from seed and harvested after 5 weeks. PAL-
suppressed plants are reduced in lignin content in stems and
chlorogenic acid in leaves (Elkind et al., 1990; Bate et al.,
1994). PAL overexpressors are increased in leaf chlorogenic
acid levels (Bate et al., 1994; Howles et al., 1996). For both
COMT antisense plants and plants altered in PAL expression,
middle stem sections (internodes 10 and 11, counting from the
first fully opened leaf at the top) were collected and ground
under liquid N2. Powdered tissue was divided in two tubes
(one for assay of enzyme activities, the other for lignin
analysis) and stored at -70 °C.
Enzyme Extraction and Assays. Powdered tissue for

assay of COMT activity was extracted for 20 min at 4 °C in
extraction buffer [100 mM Tris-HCl, 0.2 mM MgCl2, 2.0 mM
DTT, 10% (v/v) glycerol, pH 7.2]. After centrifugation (12000g,
4 °C, 10 min), extracts were desalted on a PD-10 column.
Soluble protein in the enzyme extracts was determined using
the Bradford dye binding reagent (Bio-Rad) with BSA as
standard (Bradford, 1976). Enzyme activity was assayed as
described previously for COMT (Gowri et al., 1991) and PAL
(Edwards and Kessmann, 1992).
Lignin Analysis. Powdered stem samples were freeze-

dried and ground in a cyclone mill to pass a 1-mm sieve.
Neutral detergent fiber (NDF) was prepared according to the
method of Van Soest et al. (1991) using a batch fiber analysis
apparatus (ANKOM Co., Fairport, NY) and was subjected to
two-stage acid hydrolysis to determine Klason lignin (Sewalt
et al., 1996a). The lignin residue was used to determine lignin
methoxyl groups (TAPPI, 1972). Nonextracted dried stem
material was subjected to pyrolysis/GC/MS to determine the
lignin S/G ratio (Ralph and Hatfield, 1991).
In Vitro Cell Wall Digestibility. Cell wall digestibility

was estimated by enzymatic hydrolysis of NDF for 18 h at 40

°C using commercial cellulase (CEP cellulase, Biovance Tech-
nologies Inc., Omaha, NE) in 0.1 N sodium acetate buffer, pH
4.8, at 80 FPU/g NDF and measurement of reducing sugars
using dinitrosalicylic acid (Miller, 1959). In this notation, 1
FPU (filter paper unit) is the activity required to release 1
µmol of glucose/min from milled Whatman No. 1 filter paper
at pH 4.8, 50 °C.
Histochemical Analysis. The 10th internode from control

and selected COMT antisense tobacco plants was collected in
a second sampling from regrown plants. Free-hand sections
were stained for lignin using phloroglucinol hydrochloride and
Mäule’s reagent according to the procedure of Nakano and
Meshitsuka (1992). Phloroglucinol-stained sections were pho-
tographed within 30 min. In addition, sections were stained
with safranin-O and astra-blue using a procedure modified
from that of Srebotnik and Messner (1994). Sections were
stained for 3 min with 0.1% aqueous safranin-O (color index
no. 50240; Sigma catalog no. S-2255), washed with distilled
water, and subsequently stained for 3 min with 1% aqueous
astra-blue (Sigma catalog no. A-2077).
Statistical Analysis. Differences in enzymatic activity and

lignin characteristics between groups of control and genetically
modified plants were examined by one-way analysis of vari-
ance (Snedecor and Cochran, 1989). Seedlings or vegetatively
propagated progeny of independent transformants and control
lines were used as replicates (see Tables 1 and 2).

RESULTS AND DISCUSSION

Lignin Content and Composition in COMT An-
tisense Tobacco. One of the first papers on genetic
modification of lignin (Ni et al., 1994) demonstrated that
expression of an alfalfa COMT cDNA in the antisense
orientation results in reduced levels of thioglycollic acid
(TGA)-extractable lignin in transgenic tobacco, ac-

Table 1. COMT Activity, NDF, Klason Lignin, and Lignin
Methoxyl Content in Control and COMT Antisense
Tobacco Plantsa

controlb
(n ) 3)

primary trans-
formantsb
(n ) 3)

T1 progeny
of 105p
(n ) 6)

P value
(n ) 12)

COMT activity
(% of control)

100x (19.2)c 71.9xy (23.1) 65.2y (11.6) 0.045

NDF
(mg/g of DM)

469x (23.0) 416x (14.8) 446x (25.7) 0.093

Klason lignin
(mg/g of NDF)

168x (5.4) 142y (13.1) 141y (16.9) 0.064

OCH3
(mg/g of lignin)

161x (5.6) 179y (3.8) 185y (13.0) 0.049

S/G ratio 1.06x (0.02) 1.27xy (0.26) 1.51y (0.29) 0.23

a Dissimilar superscripts (x-z) indicate significant (P < 0.05)
treatment differences. b Control plants (101c, 103c, and 105c) were
used as parent material to generate the respective primary
transformants (101p, 103p, and 105p). c Values in parentheses
represent standard deviations.

Table 2. PAL Activity, NDF, Klason Lignin, and Lignin
Methoxyl Content in Control and PAL-Modified Tobacco
Plantsa

controlb
sense

suppressed recovering
P

value

PAL activity
(% of control)

100yz (49)c 17x (8.2) 49y (7.3) 0.001

NDF
(mg/g of DM)

340x (25) 296x (71) 329x (55) 0.55

Klason lignin
(mg/g of NDF)

110y (2.0) 56.8x (23.1) 90.2xy (16.5) 0.03

OCH3
(mg/g of lignin)

155x (15) 222y (58) 154x (30) 0.049

a Dissimilar superscripts (x-z) indicate significant (P < 0.05)
treatment differences. b Control and PAL-suppressed groups com-
prise three replicates each. PAL overexpressing plants, expressing
PAL at 200% of control, were not different from the control in NDF,
Klason lignin, and methoxyl contents. c Values in parentheses
represent standard deviations.
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companied by a reduction of phloroglucinol staining of
stem vascular tissue. Alkaline nitrobenzene oxidation
(NBO) analysis indicated a small increase in syringyl
(S) residues and a corresponding small decrease in
guaiacyl (G) residues which was, at the time, not
considered significant. That study relied on the deter-
mination of TGA-extractable lignin (Doster and Bostock,
1988) and NBO (Chen, 1992), which are not necessarily
representative of the whole lignin polymer. Therefore,
we decided to re-evaluate the lignin content and com-
position of the COMT antisense plants generated by Ni
et al. (1994) using more rigorous methods of analysis.
Extractable COMT activity and concentrations of

NDF, Klason lignin, and lignin methoxyl groups are
summarized in Table 1 for three independent untrans-
formed tobacco lines, three independent antisense COMT
primary transformants, and six progeny of primary
transformant 105 retaining the alfalfa COMT antisense
transgene. On average, the plants containing the
antisense COMT construct had a 32% reduction in
COMT activity, which resulted in a reduction in lignin
level in the cell wall of 15%, consistent with the previous
analysis of TGA lignin in these plants (Ni et al., 1994).
However, on a total dry matter (DM) basis, the reduc-
tion in lignin content was 29%, resulting from the
reduced level of NDF in the transgenics. In the most
severely suppressed primary transformant (105p), COMT
activity was reduced to 40% of wild-type, resulting in a
35% decrease in lignin on a DM basis. Concentration
of NDF was positively correlated with lignin content,
on both DM and NDF bases (r ) 0.87 and 0.67,
respectively). Whether the reduction in NDF is due to
reduced cell wall deposition or to enhanced solubility
of the cell wall in neutral detergent awaits further
investigation.
The lignin of primary transformant 105p and its

progeny plants was significantly altered in composition
from the control (Table 1). Lignin methoxyl content, as
determined by titration after reaction with hydriodic
acid, was increased by approximately 15%. Pyrolysis/
GC/MS, which provides detailed information on lignin
monomer composition (Ralph and Hatfield, 1991), con-
firmed the wet chemistry results. The S/G ratio of the
lignin of the T1 progeny of the most down-regulated
primary transformant (105p) averaged 1.5, significantly
(P ) 0.049) increased above the control value (1.06). The
level of S-derived pyrolysis products relative to the
G-derived products was greater in COMT antisense
lines than in the control line, due to a larger decrease
in G units than in S units. The S/G ratio of the other
two primary transformants (101p and 103p) was not
affected, which caused the overall difference between
control and COMT antisense plants according to the
one-way ANOVA to be nonsignificant (see Table 1).
The effect of reduced COMT activity on overall lignin

content (expressed on DM basis rather than NDF) and
S/G ratio in the 12 independent lines listed in Table 1
is shown in Figure 1. As expected, the lignin concentra-
tion declined gradually from about 80 to 50 mg/g DM
as COMT activity decreased to 50% of the control. The
negative relationship between COMT activity and S/G
ratio was very strong; as the level of COMT suppression
approached 50%, the lignin composition (S/G ratio)
changed drastically from around 1.1 to 1.7. Interest-
ingly, lignin methoxyl content and S/G ratio were both
negatively correlated with lignin content (r ) -0.57 and
-0.52, respectively), whereas across maturity stages

they are normally positively correlated with lignin
content [e.g., Sewalt et al. (1996a)].
In confirmation of our earlier paper (Ni et al., 1994),

COMT antisense plants displayed reduced phloroglu-
cinol staining of their vascular tissue compared to the
respective control lines (Figure 2), consistent with a
reduced level of lignin. In addition, sections were
stained with safranin-O, a basic dye, which stains lignin
red, and astra-blue, a phthalocyanin dye, which is
incorporated into cellulose fibers and stains them blue
in the absence of lignin. Double-staining with safra-
nin-O and astra-blue confirmed the results obtained
with phloroglucinol; shifts from red to purple or blue in
the vascular ring in plants with reduced COMT activity
were observed, which are indicative of reduced lignin
level and increased accessibility of cellulose to the stain
(Figure 2). Finally, reduced COMT activity did not
cause a change in the staining by Mäule’s reagent,
consistent with the fact that both wild-type and COMT
antisense plants contained S and G residues (data not
shown).
In contrast to our findings of the reduced lignin level

and increased S/G of the remaining lignin in COMT
antisense tobacco, other groups have shown that strong
down-regulation of COMT in tobacco or poplar leads to
a drastic reduction in S units, with corresponding
incorporation of 5-hydroxyguaiacyl units into lignin, the
overall level of which is not reduced (Atanassova et al.,
1995; Van Doorsselaere et al., 1995). Parallel pathways
for monolignol O-methylation occur at the level of the
free acids and their respective CoA thioesters (Ye et al.,
1994) and possibly even at the level of the aldehydes
formed after the first reduction of the CoA thioesters
(Matsui et al., 1994) (see Figure 2). These pathways
may be under the control of environmental and devel-
opmental factors that might differentially affect the
relative activities of the COMT and potentially compet-
ing OMT pathways, which may explain the variable

Figure 1. Relations between COMT activity and lignin
content and composition of stems of a range of control and
transgenic tobacco plants harboring an alfalfa COMT anti-
sense construct: (A) Klason lignin (mg/g of DM); (B) syringyl/
guaiacyl (S/G) ratio.
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effects of reduction in COMT activity on lignin biosyn-
thesis. Alternatively, the variability could be due to the
use of different tobacco cultivars or the use of heterolo-
gous versus homologous antisense sequences that might
differentially down-regulate different OMT isoforms.
The variation in results of genetic manipulation of

OMT levels is, however, not unlike the contradictory
data for the naturally occurring brown midrib pheno-
type in corn and other cereals. The corn bm3 mutation
was recently established to be in the gene encoding
COMT (Vignols et al., 1995). The most common phe-
notype ascribed to the brownmidrib mutation, including
the bm3 mutation in corn, is a reduced S/G ratio
(Gaudillere and Monties, 1989; Lam et al., 1996) and
the appearance of the new 5-hydroxyguaiacyl lignin
subunit (Chabbert et al., 1994), which is derived from
5-hydroxyferulic acid, the intermediate product between
ferulic acid (monomethoxylated) and sinapic acid (di-
methoxylated). However, the effect on lignin content
has varied from no change in acid insoluble lignin
(Sommerfeldt et al., 1979) or acetyl bromide lignin (Lam
et al., 1996) to substantial reductions in acid insoluble
lignin (Gaudillere and Monties, 1989; Lam et al., 1996)
and acetyl bromide lignin (Gaudillere and Monties,
1989). The bm2 mutation in corn, for which the gene
has not yet been identified, causes reduced lignin levels
with an increase in S/G ratio (Chabbert et al., 1994),
opposite to the reduced S/G ratio in the bm3 mutant.
Clearly, the complexity of the lignin biosynthetic path-

way makes it difficult to predict the effect of down-
regulating single enzymes of the pathway. Although
several reports of targeted down-regulation of late
enzymes of lignin biosynthesis have failed to demon-
strate reductions in lignin content (Dwivedi et al., 1994;
Halpin et al., 1994; Atanassova et al., 1995; Van
Doorsselaere et al., 1995), the present results imply the
possibility of moderate reduction in lignin content and
increased S/G ratio by targeting COMT.
Strategies to engineer plants with agronomically

useful lignin-related traits need to flexibly and predict-
ably yield reductions in lignin content and/or changes
in lignin monomer composition. Drastically reduced
levels of lignin can be obtained by decreasing the
phenylalanine pool size (Yao et al., 1995) or reducing
the activity of PAL (Elkind et al., 1990; Bate et al., 1994)
or cinnamate 4-hydroxylase (C4H) (unpublished re-
sults), the entry enzymes into the phenylpropanoid
pathway.
Extractable PAL activity and cell wall composition of

control and PAL-suppressed tobacco are summarized in
Table 2. Tobacco plants suppressed in PAL accumulate
sharply reduced levels of lignin in their stems, concomi-
tant with very large increases in methoxyl content
(Table 2). The change in lignin composition following
PAL suppression suggests that inhibition of the precur-
sor flux into the phenylpropanoid pathway has qualita-
tive as well as quantitative effects on lignin synthesis.
Those results, although more magnified, are similar to

Figure 2. Histochemical staining of lignin in transgenic tobacco: cross sections of stems (10th internode from top) stained with
(A, B) phloroglucinol hydrochloride or (C, D) safranin-O and astra-blue; (A and C) untransformed control (105c); (B) COMT antisense
primary transformant (105p); (D) COMT antisense T1 progeny plant (105-22).
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those obtained by COMT suppression. As with COMT
suppression, NDF content is reduced by PAL suppres-
sion, and NDF levels are even more strongly correlated
with lignin content, on both DM and NDF bases (r )
0.90 and 0.80, respectively). Staining results with
phloroglucinol, Mäule’s reagent, and safanin-O/astra-
blue are also very similar to those reported here for the
COMT antisense tobacco (Sewalt and Dixon, unpub-
lished data).
Lignin-Digestibility Relationship. The presence

of lignin and other phenolics in plant cell walls reduces
the rate and extent of polysaccharide degradation by
rumen microorganisms, resulting in an inverse relation-
ship between lignin content and digestibility of forages
(Jung and Vogel, 1986). In addition to lignin content,
the composition of lignin may affect its inhibition of cell
wall degradation (Reeves, 1985; Sewalt et al., 1996a).
Lignin composition changes with maturity toward a
more syringyl-rich lignin (Buxton and Russell, 1988),
which could change the type and extent of interactions
between lignin and polysaccharides. Although cell walls
of the more digestible brown midrib mutant (bm3) of
corn often contain less lignin [e.g., Hartley and Jones
(1978)], digestibility is higher for the mutant even at
lignin content similar to that of normal corn varieties
(Sommerfeldt et al., 1979).
In contrast to most studies relying on maturity-

associated or treatment-induced changes in lignin, we
can now demonstrate a clear relation between cell wall
digestibility and lignin content without the confounding
effects usually present in maturity studies or pretreat-
ment experiments. NDF preparations were made from
dried and ground stem samples selected from various
near-isogenic control and COMT or PAL transgenic
plants covering a wide range of Klason lignin and
methoxyl group values, and in vitro enzymatic digest-
ibility was determined by measuring reducing sugar
production following incubation with cellulase. Digest-
ibility of tobacco stem internodes increased significantly
with reduced lignin content and with increased lignin
methoxyl group content (Figure 3). Although both
lignin content and lignin methoxyl content were sig-
nificantly correlated with enzymatic NDF digestibility,
lignin content seemed to be the overriding factor as
judged by the magnitude of its negative correlation with
digestibility.
Lignin content has been previously related to digest-

ibility by curvilinear models (Jung and Vogel, 1986), but
the data of the present experiment suggest linear trends
according to the following regression equations:

The second equation predicts a noticeable indigestible
NDF residue even at lignin levels approaching zero,
which is consistent with observations that additional
factors, such as the presence of wall-bound hydroxy-
cinnamic acids, polysaccharide structure, or physical
structure, are potentially limiting to cell wall degrada-
tion. Notwithstanding, the improvements in cell wall
digestibility by reducing lignin content are substan-
tial: in PAL-suppressed tobacco, a reduction in lignin
content by approximately 50% caused an increase in cell
wall digestibility by 35% (147 mg/g). Similarly, in the

case of primary COMT antisense transformant 105p, a
reduction in lignin content from 164 to 127 mg/g of NDF
(a 22% reduction) resulted in an improvement in cell
wall digestibility of 48% (113 mg/g). Clearly, these
improvements in DM and cell wall digestibility obtained
by reducing lignin levels are larger than those resulting
from altered lignin composition (reduced S/G ratio).
The importance of lignin composition per se toward

its inhibitory effect on digestibility was recently dem-
onstrated utilizing transgenic tobacco with altered
lignin composition (S/G ratio) but equal lignin concen-
tration (Bernard Vailhé et al., 1996). In those plants,
a 2-fold reduction in S/G ratio in COMT antisense
tobacco caused a 6% (3.5 percentage units) increase in
DM digestibility, whereas a 10-fold decrease in S/G ratio
in COMT sense-suppressed tobacco resulted in a 9% (5.6
percentage units) increase. In contrast, in an Arabi-
dopsismutant that produces no syringyl-type lignin due
to a mutation in the gene encoding ferulate 5-hydroxy-
lase, the change from the wild-type mixed syringyl/
guaiacyl lignin to the mutant guaiacyl lignin did not
alter cell wall degradability (Jung and Chapple, 1996).
In conclusion, the present results indicate the feasi-

bility of genetic engineering of lignin for forage improve-
ment by manipulating either early or late lignin bio-
synthetic pathway enzymes. Although the potential
complications of a metabolic grid associated with the
ring substitution reactions in the later stages of mono-
lignol synthesis might, at first sight, make the simple
approach of reducing lignin by limiting flux at an earlier
stage in the pathway more attractive, such modifica-
tions would ultimately need to be engineered under

DM digestibility (mg/g) ) 894 - 3.44 ×
Klason lignin (mg/g of DM) (r2 ) 0.97, n ) 14)

NDF digestibility (mg/g) ) 723 - 2.74 ×
Klason lignin (mg/g of NDF) (r2 ) 0.95, n ) 14)

Figure 3. Biosynthetic pathways for the formation of lignin
monomers. The enzymes are PAL, L-phenylalanine ammonia-
lyase; C4H, cinnamate 4-hydroxylase; C3H, 4-coumarate hy-
droxylase; COMT, bifunctional caffeic/5-hydroxyferulic acid
O-methyltransferase; F5H, ferulate 5-hydroxylase; 4CL, cou-
marate:CoA ligase; CCH, coumaroyl CoA hydroxylase; CCOMT,
caffeoyl CoA 3-O-methyltransferase; CCR, cinnamoyl CoA
reductase; CAD, cinnamyl alcohol dehydrogenase. Dotted
arrows indicate reactions that are still uncertain in the context
of lignin biosynthesis.
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tight developmental control (by choice of an appropriate
gene promoter) to avoid pleiotropic effects, such as
increases in disease susceptibility (Maher et al., 1994;
Pallas et al., 1996) and lodging. Using a near-isogenic
system, we also demonstrate that a reduced lignin
content overrules possible negative effects of altered
lignin composition on dry matter and cell wall digest-
ibility.
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