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ABSTRACT - Genetic variation for carbohydrate content,
lignin content, lignin composition, p-hydroxycinnamic
acid content and digestibility were investigated in a set of
19 maize lines over a two year period (2002 and 2003)
and in two locations (Lusignan and Druelle, France). The
studied set was comprised of old and recent elite lines
representative of cell wall digestibility variations and sev-
eral model lines involved in digestibility and intake
breeding schemes. A large degree of genetic variation for
cell wall composition and digestibility was observed.
Lignin content appeared to be the primary determinant in
cell wall digestibility variation (r2 = 0.77). H and S
monomeric unit contents also appeared to be negatively
correlated with digestibility. The cell wall cross-linkages
with ferulic and diferulic acids were significantly correlat-
ed with digestibility, but with two apparently contrary ef-
fects. A negative correlation was found between etherified
ferulic acid content and cell wall digestibility while a pos-
itive one was found between diferulic acid content and
digestibility. These results strengthened the ambiguity
concerning the real proportion of ferulic and diferulic
acids measured after an alkaline hydrolysis. A negative
correlation was found between p-coumarate content and
digestibility. This result confirmed the efficiency of these
acids as an estimator of feeding value. Finally, a positive
correlation between hemicellulose content and digestibili-
ty showed that cell wall carbohydrate composition could
impact cell wall digestibility. A new ideotype of forage
maize can be designed based on the cell wall correlations
highlighted in this study, but an elite line improved for
feeding value traits (and biofuel production) have to take

simultaneously into agronomic traits. Such an ideotype
will therefore be used by maize breeders as an allele
donor in marker assisted breeding programs.

KEY WORDS: Zea mays L.; Silage maize; Digestibility; In-
take; Lignin; p-Coumaric acid; Ferulic acid.

INTRODUCTION

Extensive research has been devoted to silage
maize digestibility (review in BARRIÈRE et al., 2007),
which has a key role in dairy cow and meat cattle
nutrition. Several studies have shown that the first
factor influencing whole plant digestibility and ener-
gy value was cell wall digestibility (DEINUM and
STRUIK, 1985; DOLSTRA and MEDEMA, 1990; BARRIÈRE et
al., 1991; WOLF et al., 1993; COORS et al., 1994;
ARGILLIER et al., 1995). A maize cell wall is primarily
composed of cellulose and hemicelluloses (mainly
glucurono-arabinoxylans) and, in lower amounts, of
lignins and p-hydroxycinnamic acids. The lignin
polymer is mostly comprised of guaiacyl (G) and
syringyl (S) units, whereas p-hydroxyphenyl (H)
units occur as a quantitatively minor component. p-
Coumaric acid is mainly esterified to S units of
lignin, while ferulic acid is primarily esterified to
arabinosyl residues of arabinoxylans chains. Hemi-
cellulose chains are cross-linked afterwards by difer-
ulic acid bridges. Hemicellulose chains and the
lignin polymer are cross-linked by ester-ether ferulic
and diferulic acid cross-linking. No covalent linkage
has been observed between cellulose and another
cell wall component, but hemicelluloses and cellu-
lose are linked with hydrogen bonds.

Lignin is the cell wall component with the most
detrimental effect on cell wall digestibility (JUNG and
DEETZ, 1993; WOLF et al., 1993; LUNDVALL et al., 1994;
MÉCHIN et al., 1998; ARGILLIER et al., 2000; MÉCHIN et
al., 2000). Lignin prevents physical access of the ru-
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men microbial enzymes to cell wall carbohydrates
and thus strongly limits their valorization by cattle
(JUNG et al., 1998). Based on investigations in differ-
ent grass and dicotyledons forage, complementary
factors appeared as involved in digestibility limita-
tion. The role of ratios between lignin H, G and S
monomeric units in maize feeding value is still be-
ing questioned. In maize bm3 mutant plants, which
have a higher digestibility and intake primarily due
to their lower lignin content, the large reduction of
S units in lignins induced a more condensed poly-
mer with a proportionally more inhibiting effect on
cell wall degradability (THORSTENSSON et al., 1992;
BARRIÈRE et al., 2004). Sinapyl alcohol has indeed a
strong tendency to be involved in labile β-O-4 end
wise type coupling upon peroxidasic polymeriza-
tion in plant cell walls. However, the p-coumaroyla-
tion of sinapyl at C might change the course of the
reaction towards the formation of condensed bonds,
such as β-β bonds. Nevertheless, MÉCHIN et al.
(2000) showed a positive correlation between S/G
ratio and cell wall digestibility. The contents in fer-
ulic and diferulic acids, and the correlative covalent
cross-linkages between lignin and arabinoxylans
and between arabinoxylan chains by these acids, al-
so have a negative effect on carbohydrate degrad-
ability (JUNG et al., 1998; GRABBER et al., 1998a,b,
2004, 2005). Results of FONTAINE et al. (2003)
strengthened the interest to use the etherified feru-
late content as a criterion in maize breeding for in-
creased cell degradability. Moreover, cross-linkages
are considered to play a role in cell wall stiffening
(MACADAM and GRABBER, 2002). Because relation-
ships between mechanical properties of maize
silage and times of intake and chewing have been
reported (FERNANDEZ, 2003; FERNANDEZ et al., 2004),
ferulic and diferulic acids cross-linkages were also
supposed to influence intake values (BARRIÈRE et al.,
2007).

In order to have a better understanding of the
effects of each cell wall biochemical trait on feeding
value, the cell wall content in lignins, H, G and S
lignin units, and p-hydroxycinnamic acids have
been investigated in a set of 19 maize lines at silage
maturity stage. This set was comprised of old and
recent elite lines representative of cell wall di-
gestibility variations, including model lines involved
in digestibility and intake breeding schemes. Rela-
tionships between cell wall components and di-
gestibility were thus investigated towards a defini-
tion of an ideotype of maize lines with high feeding
values.

MATERIALS AND METHODS

Plant material
The set of 19 maize lines was composed of four INRA lines,

F271, F2, F564, and F286, which are of increasing cell wall di-
gestibility. F2 is the French reference line of medium cell wall di-
gestibility. Fifteen lines, L01, L08, L15, L16, L19, L21, L24, L25,
L49, L66, L77, L78, L83, L116, and L883, which are of interest for
their variable cell wall digestibility and their potential effect on
hybrid intake, were simultaneously investigated. Ten lines out of
19 were flint, five were dent and four were flint-dent.

Histological analysis
Tissue histology was investigated in the plant internode lo-

cated just below the ear for lines F2, L15, L16, L19, L78, L116,
F271 and F286, which were chosen for their variable cell wall
contents and digestibility. Internodes were sampled at silage ma-
turity, and fixed and conserved in an ethanol / acetic acid solu-
tion (75 / 25). Tissues were sectioned as 70 µm slices and col-
ored with the Fasga solution according to the protocol of TOLIVIA

and TOLIVIA (1987).

Field experiments, and forage quality evaluation
The 19-line field experiments were carried out over two

years (2003 and 2004) in two locations (Lusignan and Druelle,
France). In each location, lines were evaluated in bloc designs
with 2 replicates. Each experimental plot was a 5.2 m long single
row of 37 plants. Row spacing was 0.75 m, and the resulting
density was 95,000 plants/ha. Irrigation was applied in Lusignan
during summer to prevent water stress. The plots were machine-
harvested with a forage chopper at an early silage harvest stage
at about 30% of dry matter (DM) without ears that were eliminat-
ed by hand the day of harvest. A representative sample of 1 kg
chopped material per plot was collected for DM content esti-
mates and biochemical analysis.

Plant samples were dried in a ventilated oven (65°C). Dry
samples were then ground with a hammer mill to pass through a
1 mm screen. For all plants, soluble carbohydrates (LILA, 1977),
Neutral Detergent Fiber (NDF), Acid Detergent Fiber (ADF) and
Acid Detergent Lignin (ADL) contents were estimated according
to GOERING and VAN SOEST (1970). The in vitro dry matter di-
gestibility (IVDMD) was estimated according to AUFRÈRE and
MICHALET-DOREAU (1983). Contents in esterified p-coumaric, ferulic
and diferulic acids were estimated after alkaline hydrolysis of the
cell wall at 25°C, and contents in total ferulic acid were estimated
after alkaline hydrolysis at 170°C (MORRISON et al., 1993). Ether fer-
ulic acid content was estimated as the difference between total
ferulic acid and ester ferulic acid. 4-p-Hydroxybenzaldehyde (Hb),
vanillin (Va) and syringaldehyde (Sg) contents were investigated
after alkaline nitrobenzene oxidation (HIGUCHI et al., 1967). Hb, Va
and Sg contents are considered as estimates of H, G, S lignin unit
contents, despite some p-coumarate and ferulate can also be oxi-
dized into p-hydroxybenzaldehyde and vanillin, respectively. All
these traits were estimated using specific near infrared reflectance
spectroscopy (NIRS) calibrations developed at INRA Lusignan for
samples of plants without ear (NIRS system 6500 spectrophotome-
ter, with wavelengths spaced every 4 nm from 400 to 2500 nm).
Accurate r2 values (coefficients of determination) have been ob-
tained between laboratory analysis and NIRS predictions (Table
1), based on nearly 1300 laboratory analyses for global traits
(IVDMD, NDF, ADF, ADL). These r2 values were similar to those
currently observed for NIRS prediction of these traits on whole
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plant samples. Accurate r2 values between laboratory analysis and
NIRS predictions were also obtained for p-hydroxycinnamates and
released aldehydes, even if still moderate, but reliable, r2 values
were obtained for ferulate derivatives, Va and Sg lignin monomers
(Table 1). In addition, similar r2 accurate values have been ob-
tained for the two 5-5 and 8-O-4 diferulic acids, despite calibra-
tion equations were based on only nearly 500 samples. Calibra-
tion equations were validated for each experimental location by a
laboratory analysis of 40 samples.

Hemicellulose and cellulose contents were then estimated re-
spectively as NDF – ADF and ADF – ADL. Because these com-
pounds are constituents of the cell wall, hemicellulose, cellulose,
and ADL contents were expressed as percentage of NDF. Accord-
ing to STRUIK, (1983) and DOLSTRA and MEDEMA (1990), in vitro
NDF digestibility (IVNDFD) was computed assuming that the
non-NDF part of plant was completely digestible [IVNDFD = 100
x (IVDMD – (100 – NDF))/NDF].

Data analysis
Analyses of variance were carried out following the standard

procedure of a fixed model with genotype, environment, block,
and genotype x environment interaction effects, as

Yijkl = μ + Ej + Bk.Ej + Gi + Gi.Ej + εijkl

with Yijkl = observed value for a given trait, μ = grand mean, Ej =
environment effect, Bk.Ej = block nested in environment effect,
Gi = genotype effect, Gi.Ej = genotype x environment interaction,
and εijkl = residual error, using Modli and Splus Software (KO-
BILINSKY, 1983; VENABLES and RIPLEY, 1994).

RESULTS AND DISCUSSION

Histological analysis
Maize stem internodes (Fig. 1) were typified by

lignified (red) cortex, vascular bundles and central
parenchyma, with a sub-cortical area and a
parenchyma area around vascular bundles made of

unlignified and cellulosic tissues (in blue). A large
variation was observed for the red color intensity of
parenchyma tissues, with likely a lower lignification
in L78, F286, and L116, and conversely a higher lig-
nification in F271, F2, L15, L16 and L19. The
parenchyma around the vascular bundles was also
greatly lignified in F271, with only very few cellu-
losic cells around the bundles, while other lines had
at least two unlignified cell layers around these vas-
cular tissues. The structure of vessels seemed rela-
tively conserved between the different lines. Never-
theless, bundle lignification seemed more intense in
L15, L19 and L78, while it was significantly weaker
in F286. At the same time, the density of peripheric
vascular bundles appeared higher in the three lines
L15, L19 and L78. These histological analyses proba-
bly showed that tissue patterning and lignified tis-
sue organization in maize stems should be consid-
ered in maize breeding for its feeding value.

Biochemical analysis
Variance analysis (Table 2) showed that geno-

type effects were highly significant (P < 0.001) for
all investigated traits. Genotype effect was particu-
larly high for IVNDFD. Genotype x environment in-
teractions were also significant for all investigated
traits. However, genotype effects were higher than
genotype x environment interactions for all studied
traits except for 5-5 diferulic acid which had compa-
rable genotype and genotype x environment inter-
action effects.

A large genetic variation for cell wall composi-
tion and digestibility was observed among the 19
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TABLE 1 - Characteristics of NIRS calibrations developed for cell wall traits in maize plants without ears, at silage stage harvest (for all traits,
number is the numbers of analyzed samples, mean is the average values of analyzed samples, RSQ is the coefficient of determination (r2 val-
ue) between laboratory analysis and NIRS prediction, and SECV is the standard errors of cross validation prediction; DM = dry-matter).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

number Mean RSQ SECV
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
In vitro DM digestibility (IVDMD) 1281 62.9 0.93 1.89

Neutral detergent fiber (NDF) 1282 55.3 0.97 1.16

Acid detergent fiber (ADF) 1281 27.2 0.98 0.75

Acid detergent lignin (ADL) 1290 2.89 0.80 0.35

Esterified p-coumaric acid 1563 15.6 0.87 1.26

Esterified ferulic acid 1561 5.55 0.64 0.52

Total ferulic acid 1499 6.90 0.66 0.54

pHydroxybenzaldehyde 1048 1.43 0.74 0.30

Vanillin 1051 6.38 0.61 1.11

Syringaldehyde 1054 7.22 0.79 1.09

5-5 diferulic acid 516 0.15 0.66 0.03

8-O-4 diferulic acid 514 0.33 0.61 0.05
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



maize lines (Table 3). A difference of nearly 11 per-
centage points was thus observed for cell wall di-
gestibility between lines L08 and F271, which had
the highest and lowest IVNDFD values, respectively.
Six lines (L08, L19, L21, L24, L66 and L116) had a
significantly higher IVNDFD than the control line
F2. Two lines (L883 and F271) had significantly low-
er values. The four lines with higher IVNDFD (L08,
L24, L66 and L116) were flint lines.

The genetic variation for ADL/NDF content
ranged from 3.14% in L24 to 4.82% in F271. Eleven
lines out of 19 had lower ADL/NDF contents than
F2, and no line had significant higher lignin content
than the F2 control. The lines with the highest
IVNDFD also had the lowest ADL/NDF contents.

For lignin structure, based on alkaline nitroben-
zene oxidation, most of the investigated lines had
significantly lower values than F2 for Va and Sg
contents. Nine lines (L01, L08, L49, L66, L116, L883,
F271, F286, and F564) had significantly lower con-
tents for Va than F2, together with very different di-
gestibility values. Sg contents lower than in the F2
line were observed in 14 lines out of 19 (L08, L16,
L19, L21, L25, L49, L66, L78, L77, L83, L116, L883,
F286, and F564). Four lines had higher Hb content
than F2 (L15, L49, L883, and F271) and three lines
had significantly lower values (L08, L66 and L116).
The latter three lines also had significantly lower val-
ues for ester p-coumaric acid content. A low content
for H and p-coumaric acid in cell wall is representa-
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FIGURE 1 - Genetic variation for lignification of parenchyma and vascular tissue in maize below-ear internodes at silage maturity illustrated
with Fasga-colored histological slides (lignified areas are colored in red while cellulosic tissue are colored in blue).



tive of a lignin polymer comprising few condensed
bonds (CABANE et al., 2004; BARRIÈRE et al., 2007). This
lignin structure could partly explain why L08, L66
and L116 belonged to the most digestible lines of the
studied set. Conversely, L15, L49, L883 and F271 had

probably a more condensed lignin structure with
higher H contents and more esterified p-coumaric
acid. The apparent correlation observed between es-
terified p-coumaric acid and Hg contents has to be
considered cautiously, as a part of p-coumaric acid is
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TABLE 2 - Estimated genetic and environmental components, and means of cell wall digestibility, lignin contents and phenolic contents in
the 19 lines set (effects were significant at P<0.001***, P<0.01 ** and P<0.05 *; IVNDFD = in vitro NDF digestibility, NDF = neutral detergent
fiber, ADL = acid detergent fiber, Cell = cellulose, Hcell = hemicelluloses).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

Traits
Genotype Gen x Environment Residual

mean-square mean-square mean-square
Means

–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
IVNDFD (%) 84.64 *** 18.01 ** 6.32 38.87

ADL/NDF (%) 1.67 *** 0.44 ** 0.14 4.07

Cell/NDF (%) 5.53 *** 1.98 * 1.26 44.15

Hcell/NDF (%) 8.39 *** 2.69 * 1.66 51.78

Esterified p-coumaric acid (mg/g NDF) 7.67 *** 1.76 ** 0.50 10.31

Esterified ferulic acid (mg/g NDF) 0.40 *** 0.11 * 0.07 5.79

Etherified ferulic acid (mg/g NDF) 0.061 *** 0.016 ** 0.008 1.12

5-5 diferulic acid (mg/g NDF) 0.001 *** 0.001 ** 0.000 0.16

8-O-4 diferulic acid (mg/g NDF) 0.003 *** 0.002 ** 0.001 0.36

p-Hydroxybenzaldehyde (mg/g NDF) 0.143 *** 0.025 ** 0.013 1.38

Vanillin (mg/g NDF) 2.020 *** 0.510 ** 0.285 6.64

Syringaldehyde (mg/g NDF) 3.592 *** 0.737 ** 0.269 6.97
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––

TABLE 3 - Means of cell wall digestibility, carbohydrate and phenolic contents in the 19 maize lines set (* = significantly higher value than
F2, - = significantly lower value than F2).
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Traits           Genotypes L08 L24 L66 L116 L19 L21 F564 F286 L15 L49 L25 L78 L77 F2 L01 L83 L16 L883 F271
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
IVNDFD
(%) 44.18* 43.70* 42.06* 42.04* 40.61* 40.42* 39.86 39.30 39.18 38.65 38.03 37.92 37.73 37.66 37.56 36.47 36.08 33.74- 33.27-

ADL/NDF
(%) 3.48- 3.14- 3.83- 3.85- 3.87- 3.73- 4.11- 3.93- 4.18 3.86- 3.99- 4.22 4.22 4.49 4.63 4.09- 4.19 4.71 4.82

Cell/NDF
(%) 42.63- 44.85 43.44- 43.01- 44.00 43.83 44.11 44.67 44.53 45.79* 43.22- 43.83 44.67 44.60 43.79 44.25 44.70 44.22 44.71

Hcell/NDF
(%) 53.88* 52.01 52.74* 53.14* 52.14 52.45* 51.78 51.40 51.29 50.36 52.79* 51.95 51.11 50.91 51.58 51.66 51.12 51.07 50.48

Ester p-coumaric acid
(mg/g NDF) 8.93- 10.17 8.12- 9.11- 10.52 10.65 10.48 10.49 11.28* 11.17* 9.83 10.00 10.01 10.29 11.20* 10.19 10.61 11.47* 11.46*

Ester ferulic acid
(mg/g NDF) 5.85 6.00* 5.33- 5.69 6.01* 6.06* 5.99* 5.72 5.85 5.92* 5.89* 5.72 5.57 5.60 5.40 5.81 5.93* 5.74 5.85

Ether ferulic acid
(mg/g NDF) 1.08- 1.11- 1.04- 1.08- 1.07- 1.07- 0.99- 0.99- 1.16- 1.05- 1.19 1.12- 1.14- 1.26 1.23 1.25 1.10- 1.17 1.17

5-5 diferulic acid
(mg/g NDF) 0.17* 0.16 0.18* 0.17* 0.17* 0.18* 0.16 0.16 0.16 0.16 0.16 0.16 0.15 0.15 0.15 0.16 0.15 0.16 0.16

8-O-4 diferulic
acid (mg/g NDF) 0.39* 0.37* 0.39* 0.37* 0.38* 0.38* 0.35 0.36 0.35 0.36 0.38* 0.36 0.34 0.34 0.34 0.35 0.33 0.34 0.35

p-Hydroxybenzaldehyde
(mg/g NDF) 1.16- 1.40 1.12- 1.21- 1.44 1.37 1.35 1.37 1.51* 1.54* 1.28 1.34 1.31 1.38 1.46 1.43 1.48 1.51* 1.50*

Vanillin
(mg/g NDF) 6.50- 7.29 5.54- 6.61- 6.90 6.66 5.96- 6.34- 7.18 6.41- 6.71 6.98 7.05 7.19 6.37- 6.96 6.71 6.14- 6.56-

Syringaldehyde
(mg/g NDF) 6.33- 7.36 5.95- 6.51- 6.68- 7.04- 5.91- 6.59- 7.84 6.77- 6.94- 6.82- 6.83- 7.77 7.63 7.24- 7.21- 6.80- 8.16
–––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



converted into 4-p-hydroxybenzaldehyde similarly as
p-hydroxyphenyl units during nitrobenzene cell wall
oxidation. Little variation for esterified ferulic acid
was shown with a tendency to higher releases in
lines with higher IVNDFD, probably because of
higher intensity of cross-linkages in lines with lower
IVNDFD. Significantly lower contents of etherified
ferulic acid were found in the six lines with higher
IVNDFD (L08, L19, L21, L24, L66 and L116) and in
F564 and F286 which are both progeny of INRA F7
(Lacaune landrace) and Argentina germplasm (Cim-
myt PI186-223). This weaker etherified ferulic con-
tent was also found in lines of lower IVNDFD (L15,
L49, L78, L77 and L16). Little variation was shown for
diferulic acid contents (5-5 and 8-O-4 diferulic acid
contents). Nevertheless, six lines (L08, L19, L21, L24,
L66 and L116), which were shown to have signifi-
cantly higher cell wall digestibility, had significantly
higher releases in diferulic acid than F2. Finally, on-
ly line L66 was significantly different from F2 for all
cell wall investigated traits, while L08 and L116
were significantly different for all traits except for
esterified ferulic acid content.

Correlations between IVNDFD
and cell wall biochemical traits

The highest correlation was found between
IVNDFD and ADL/NDF content, and ADL/NDF con-
tent accounted for 77% of the IVNDFD digestibility
value (Table 4). In agreement with several previous
studies (JUNG and DEETZ, 1993; WOLF et al., 1993;
LUNDVALL et al., 1994; MÉCHIN et al., 1998; ARGILLIER et
al., 2000; MÉCHIN et al., 2000) lignin content thus re-
mains an effective predictor of in vitro digestibility.
However, the use of lignin content in silage maize
breeding program is not fully relevant as the corre-
lation with lignin content has been proven to be
lower with in vivo digestibility (BARRIÈRE et al.,
2003). As previously observed (BUXTON and RUSSELL,
1988; JUNG, 1989; FONTAINE et al., 2003), p-coumaric
acid content was significantly and negatively corre-
lated with cell wall digestibility. This correlation is
probably related to the fact that p-coumarate con-
tent is a relevant indicator of late lignin deposition
(GRABBER et al., 2004; BARRIÈRE et al., 2007). p-
Coumarate content thus illustrated a specific aspect
of lignification as p-coumarate content only ex-
plained 25% of lignin content (Table 4). Hb content
was also correlated negatively with IVNDFD in a
similar range as ADL/NDF content. This result
showed that the impact of the H minor unit on cell
wall properties should not be underestimated. Its

detrimental effect on IVNDFD is probably related to
the fact that this unit increases the frequency of re-
sistant inter-unit bonds (CABANE et al., 2004). The
best linear regression between IVNDFD and investi-
gated traits, with two explanatory variables, was
based on ADL/NDF and Hg contents and explained
84% of IVNDFD variation. While no correlation was
observed between IVNDFD and Va content, a signif-
icant negative correlation was found between cell
wall digestibility and Sg content, correlatively with
the increase in S unit deposition in physiologically
more maturer tissues (BUXTON and RUSSELL, 1988;
CHEN et al., 2002). Nevertheless, G or S unit con-
tents could not be reliably used as a breeding trait
in maize cell wall digestibility improvement. MÉCHIN

et al. (2000) has found a positive correlation be-
tween IVNDFD and the S/G ratio, but GRABBER et al.
(1997) showed that the proportions of H, G and S
units in lignin polymer are probably not direct fac-
tors controlling degradability.

Similarly, significant correlations were also
shown between IVNDFD and ferulate or diferulate
contents (Table 4). Etherified ferulic acid content
was negatively correlated with IVNDFD, strengthen-
ing the probable unfavorable effect of ferulate
cross-linkages on cell wall digestibility (JUNG, 1996;
JUNG et al., 1998; GRABBER et al., 1998b; FONTAINE et
al., 2003; BARRIÈRE et al., 2007). In addition, positive
correlations were shown between IVNDFD and 5-5
and 8-O-4 diferulic acid contents, results seemingly
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TABLE 4 - Estimated correlations between cell wall based on
genotype means in the 19 lines set (correlations with absolute val-
ue lower than 0.46 were not significantly different from the null
value, at P = 0.05; IVNDFD = in vitro NDF digestibility, NDF =
neutral detergent fiber, ADL = acid detergent fiber, Cell = cellu-
lose, Hcell = hemicelluloses).
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
Traits IVNDFD ADL/NDF
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––
ADL/NDF - 0.88 –

Cell/NDF - 0.41 0.19

Hcell/NDF 0.73 - 0.60

Esterified p-coumaric acid - 0.65 0.54

Esterified ferulic acid 0.09 - 0.37

Etherified ferulic acid - 0.51 0.52

5-5 diferulic acid 0.62 - 0.56

8-O-4 diferulic acid 0.73 - 0.68

p-Hydroxybenzaldehyde - 0.64 0.46

Vanillin - 0.02 - 0.11

Syringaldehyde - 0.50 0.45
––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––––



in contradiction with the supposed unfavorable role
of arabinoxylan cross-linkages in the cell wall.
Moreover, GRABBER et al. (1998a) have shown a neg-
ative linkage between diferulic acid cross-linkages
in cell walls and the enzymatic degradation of non-
lignified cell suspension of maize. The release of
diferulic acid measured after an alkaline hydrolysis
of lignified cell walls have therefore to be consid-
ered as illustrating a different biological phenome-
non. It is indeed not understood how diferulic acid
contents measured after an alkaline hydrolysis re-
flect total diferulic acids present in the cell wall, all
the more as the releasable quantity of diferulic acids
has been considered to range between 25 to 65%
(GRABBER et al., 2004). It is thus be hypothesized
that the amount of diferulates released after alkaline
hydrolysis reflects more a specific physical organiza-
tion of the cell wall than the amount of diferulates
involved in cross-linkages. A higher release of difer-
ulates should thus correspond to more accessible
and degradable cell walls. No correlation was ob-
served between esterified ferulic acid content and
IVNDFD, strengthening the fact that only ferulates
involved in cross-coupling of components have a
detrimental effect on cell wall degradability. Corrob-
orating the importance of p-hydroxycinnamates in
cell wall digestibility variation, the best linear re-
gression between IVNDFD and investigated traits
except lignin content, with two explanatory vari-
ables, was based on p-coumaric and 8-8 diferulic
acid contents and explained 59% of IVNDFD varia-
tion.

The positive correlation between Hcell/NDF and
digestibility could highlight the influence of cell
wall carbohydrate type and organization on feeding
value (Table 4). The non-crystalline structure of
hemicellulose polymer could correspond to more
easily degradable cell walls, even if the correlation
between IVNDFD and cellulose was significantly
lower. A higher Hcell/Cell ratio could similarly cor-
respond to differently organized cell walls with a
correlative higher degradability. Such a different
Hcell/Cell ratio could also correspond to different
tissue organizations and respective importance, giv-
ing a higher whole plant digestibility.

CONCLUSION

Large range of genetic variation in several bio-
chemical components of maize cell walls have been
shown, including traits probably related to both tis-

sue degradability and friability, and correlatively
with digestibility and intake in cattle. A new ideo-
type of forage maize can be putatively designed
based on the cell wall favorable traits shown from
this set of lines. Thus, a maize hybrid of high feed-
ing value should have a low content in ADL/NDF,
the first factor negatively influencing whole plant di-
gestibility. The lignin polymer of this ideotype
should have few H unit contents, with low propor-
tion of p-coumaroylated S units. The ideotype
should simultaneously have low etherified ferulic
acid content as an indicator of limited cross-linkages
between cell wall components. In addition, higher
releasable diferulic acids should be favored as a
probable indicator of favorably organized cross-link-
ages in the wall. Finally, higher hemicellulose con-
tent with correlative lower cellulose content in the
cell wall have to be considered as related to a better
feeding value. Only three studied lines out of 19
(L08, L66 and L116) had such a cell wall pattern,
which were among the four most digestible lines of
the study. Out of these three lines, L08, which had
the highest cell wall digestibility of the studied set,
could be an efficient parent or model line in future
forage maize breeding programs.

However, the possibly of gathering in one line
most of all highly favorable traits for both feeding
value and agronomic value (DM yield, standability,
pest resistance, water conduction and water stress
tolerance) is still an unanswered question. Several
of the QTL involved in corn borer resistance have
been shown in colocalizations with QTL also in-
volved in lignin content and/or cell wall digestibility
(RALPH et al., 2004a; BARRIÈRE et al., 2007). Elite
maize hybrids currently available with higher cell
wall digestibility were always lower yielding, and
mostly often more susceptible to stalk lodging or
breakage. Highly lignified fibers and vessels are
very likely inescapable traits for resistance to dry
conditions, and also possibly to an optimal trans-
port of nutriments and photosynthesis products.
The best breeding strategy will probably be based
on compromise solutions. An elite forage maize line
has to be firstly bred for agronomic traits, with the
introgression of genome location, QTL, or alleles
having the most relevant effect on cell digestibility.
Such targeted improvements will be based on a
larger knowledge of genetic and genomic basis of
phenylpropanoid compounds deposition in each
lignified tissue, and of the regulation of lignified tis-
sue patterning. Breeding will be based on the mark-
er assisted introgression of QTL or alleles involved
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in maize feeding value in lines of high agronomic
values. Moreover, the germplasm bred for higher
cell wall degradability will be fully relevant and
available for the new use of maize stover in biofuel
production.
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