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Summary - A silage maize hybrid is now considered different from a grain maize hybrid. This paper gives data on rel-
evant agronomic and feeding value traits suitable in a silage hybrid. It also gives data on breeding strategies and genet-
ic variations available to maize breeders. A silage hybrid should have a good and stable biomass yield, and a grain con-
tent between 46 and 50 % according to the quantity and the quality of starch in the diet. Earliness of the plant should
be adapted to the cropping area, and should be assessed from whole plant experiments. Cold tolerance should be
improved to help cropping in northern areas, as well as resistance to soil fungi during the early growth of roots. A well-
developed rooting system is necessary to either contribute to a good lodging resistance, or to contribute to a tolerance
to water deficiency and nitrogen uptake. Protein content cannot be improved in the usual way, because of a lack of
genetic variation, but improvement could be made through an investigation into the genetic variation of the degrad-
ability of proteins in the rumen. Digestibility should be investigated through an enzymatic solubility predicted from a
NIRS calibration, performed on whole plant samples, allowing also an estimate of the cell-wall digestibility if NDF,
starch and soluble carbohydrates were simultaneously given by NIRS calibrations. When available, a criterion of
ingestibility should be used. The criteria of feeding value must be relevant to animal performances. To avoid the risk
of a genetic drift towards low feeding values during stalk lodging resistance breeding, both traits must be considered
simultaneously. Improved feeding value of a silage maize hybrid would also emerge after further investigations into
biochemical traits in cell walls, in lignins monomeric composition and linkages between lignin and structural carbohy-
drates. Silage maize breeders must also take into account the need for feeding cattle at low costs and in environmen-
tally friendly ways. (&copy; Inra/Elsevier)
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Résumé - Variabilité génétique, critères et stratégies de sélection des maïs ensilage précoces. L’objectif de ce texte
est présenter une réflexion autour des caractéristiques de valeur alimentaire et de valeur agronomique à prendre en
considération pour la sélection de maïs ensilage spécifiques de cette utilisation, en prenant en compte la variabilité géné-
tique disponible et les stratégies de sélection à employer. Un maïs ensilage doit avoir un bon niveau de productivité,
mais surtout une productivité stable au travers des différentes conditions de milieux. Sa teneur en grain doit se situer
entre 46% and 50% selon la quantité et la qualité de l’amidon apporté par les compléments de la ration. Sa précocité en
plante entière sera adaptée à la zone de culture envisagée, et un poids important sera donné à la tolérance au froid en
début et fin de végétation, sans oublier la résistance aux champignons du sol exacerbant les dégâts de froid. La résis-
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tance à la verse en végétation du maïs ensilage sera prise en compte à partir de qualités mécaniques des tiges, mais aussi
à partir d’étude de la qualité de l’ancrage racinaire. L’amélioration du système racinaire devrait aussi conduire à des
génotypes valorisant mieux les intrants et plus tolérants au déficit hydrique. En raison de la très faible variabilité géné-
tique pour la teneur en protéines, l’amélioration de la valeur azotée de ce fourrage devrait être abordée au niveau de la
variabilité de la dégradabilité ruminale de ces protéines. La sélection sur la valeur alimentaire comprendra une mesure
de digestibilité de la plante entière, avec l’utilisation d’une solubilité enzymatique prédite en Nirs, une mesure digesti-
bilité des parois estimée avec un critère de type IVDNSC (en français Dinag), et à terme une prédiction de l’ingestibi-
lité. Les critères de valeur alimentaire utilisés devront être validés par des essais avec des animaux. Pour éviter des

risques de dérive sur un caractère ou sur l’autre, la pression de sélection pour la résistance à la verse sera simultanée à
ces mesures de valeur alimentaire. Parce que les interactions génotypes x milieux pour la digestibilité sont faibles, les
estimations pourront être conduites dans un nombre limité d’environnements représentatifs. Des progrès en valeur ali-
mentaire du maïs ensilage viendront aussi de ceux réalisés dans la compréhension de la variabilité de composition
monomérique de constitution des lignines et de celle des liaisons entre lignines et glucides pariétaux. Les sélectionneurs
de maïs ensilage devront aussi prendre en compte les contraintes environnementales et la nécessité de pouvoir alimen-
ter les troupeaux au plus faible coût. À ce titre, et puisque, dans un milieu donné, c’est la valeur du génotype qui condi-
tionne pour l’éleveur la valeur de l’ensilage, pouvoir mettre sur le marché des hybrides ayant une génétique « maïs ensi-
lage » est une priorité pour les obtenteurs. (&copy; Inra/Elsevier)
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INTRODUCTION

Silage maize expanded rapidly in northern Europe
after the release of the first early flint-dent grain
hybrids such as Inra258 and then LG11 which
were more tolerant to low temperatures than the
Wisconsin hybrids used previously. Approxi-
mately 3 500 000 ha are presently cropped for
silage making in northern Europe, whereas the
area used for silage making in southern Europe is
only about 300 000 ha. Maize silage is a reliable
roughage with a high energy content, easy to pro-
duce, to ensile, to preserve and readily eaten by
animals, especially by dairy cattle. But a silage
maize must also fit in with the cropping practices,
lowering inputs, pollution and silage production
costs. The expected qualities and requirements of
silage hybrids are clearly not identical to those of
hybrids used in grain production. Based both on
published data and on our own work, as well as on
farmers’ expectations and cattle feeding require-
ments, it is now possible to outline the relevant
agronomic, feeding values and environmental
traits for forage maize breeding in northern

Europe, and to demonstrate ways of achieving
this.

SILAGE MAIZE YIELD AND EARLINESS

The potential yield of cultivars presently regis-
tered as early silage hybrids is close to 18 t/ha,
with a dry matter content higher or equal to 30 %.
Since the plants are harvested for silage before
grain ripening, it is therefore possible, in a given

location, to grow somewhat later genotypes for

silage than those grown for grain. Even if the

ensiling of maize is possible in a wider range of
dry-matter content, the optimum dry-matter con-
tent of silage maize for animal feeding is usually
between 30 and 35 %.

The French official assessment network CTPS
of silage maize was set up in France in 1985, and
it demonstrated noteworthy improvements in yield
and earliness. Estimated from the best cultivars

registered with the label ’fit for silage’, the gain in
biomass yield of hybrids reached 0.17 t/ha/year,
during the past 11 years. Possibly because hybrids
were simultaneously bred for grain yield, more
than half this gain was due to an increase in the
grain part, reaching around 0.10 t/ha/year, on aver-
age (Barrière et al, 1996; Lorgeou and Barrière,
1996). Then, a specialization in cultivars seemed
to occur, since the genotypes with the largest
increases in biomass were not systematically the
same as those with the largest grain yields. The
gains in grain yield for the best grain hybrids reg-
istered only for grain reached on average
0.12 t/ha/year. This comparison is, however, to be
carefully considered, as not all hybrids were stud-
ied in grain and silage yield CTPS networks.

Further improvements in the yield of silage
maize may be assumed, as actual yields are dis-
tinctly below the physiological limits of such a C4
species. Depending on the interception and photo-
conversion of light, under favourable northern

environmental conditions, the theoretical limits of
biomass yield may reach over 25 t/ha. Thus, yield
improvement in early hybrids will occur from a
more efficient use of radiation. It may be achieved

by improving the adaptation to higher plant densi-



ties (Derieux et al, 1987), a slightly later flowering
time, combined with a faster rate of leaf produc-
tion and a faster rate of grain filling and ripening.
Yield improvement will also occur from plants
having a longer active photosynthetic capacity in
less favourable environments, with a longer dura-
tion of photosynthetic activity in the leaves. Plants
belonging to recent cultivars already have one
extra internode and one extra leaf compared to
older cultivars (Lorgeou and Barrière, 1996), and
this trait will be of interest in silage maize hybrids.

Like the absolute productivity value, yield sta-
bility, at a high level, is an essential quality. A bet-
ter tolerance to stress and a better recovery from
environmental stress can be achieved, thus also
allowing maize cropping in lower input condi-
tions. Breeders have already made some progress
in this way, as recent cultivars appeared hardier
than older cultivars or populations (Tollenaar et al,
1994). Their superiority was even more obvious
under difficult environmental conditions.

Similar breeding efficiency and improvements
are expected for silage and grain yields, provided
each whole plant trait involved is measured, and
provided a suitable genetic variation in whole

plant traits is available. Regarding whole plant
yield, the effects of GCA (general combining abil-
ity) were preponderant, and the ratio between the
variance of SCA (specific combining ability) and
that of GCA was smaller than for grain yield (eg,
Dhillon et al, 1990a; Geiger et al, 1992; Barrière
et al, 1993a). This may relate to earlier and longer
breeding for grain yield and earliness, than for
biomass yield. The genetic resources available for
silage maize improvements come from past eras of
cropping and breeding grain maize. This

germplasm is very diverse, including ecotypes,
synthetics and lines, but it has been rarely investi-
gated for its biomass traits. The combining ability
in whole plant yield of flint and dent early lines
commonly used in European breeding was proved
noticeably better when crossed with ’Stiff Stalk’-
related lines (Barrière et al, 1993a). Medium-late
or late elite lines can thus be powerful resources
for biomass yield improvements of early silage
maize. Because of these multiple heterotic pat-
terns, medium-late or late hybrids can also be used
to breed new lines for early silage maize, either by
selfing after direct crossing or by back-crossing
with early flint and dent lines.

The genetic pedigrees of most of the elite lines,
which belong to private companies, are not known
to us, and neither are the methodologies used in
their creation. Nevertheless, the essential elite

material seems to derive from pedigree breeding,

using narrow base crosses between other elite

lines as genetic resources, sometimes after a slight
introduction of a ’foreign’ or ’exotic’ germplasm
(Hallauer, 1990). Further progress is related to the
soft integration of complex genetic systems,
which control the environmental adaptability
traits. Breeding based on elite germplasm is prob-
ably all the more essential since the elite perform-
ing in plants may greatly relate to epistatic effects.
Molecular biology is a tool in clustering sources of
diversity (Dubreuil et al, 1996), and pointing out
the complementary management of lines to be

used as progenitors in pedigree breeding. This
could further be improved if these techniques were
coupled with statistical methods allowing the

identification of the source of genes to be used in

reciprocal improvement of lines (Dudley, 1992) or
allowing the prediction of single cross perfor-
mances (Bernardo, 1996).

The breeding efficiency surely depends on the
quality of the genetic material and on the efficien-
cy of the methods used. It also depends on the
quality of the trial, and of available environmental
networks, being known for their discriminating
powers regarding each agronomic trait and also
regarding the homeostatic potential of the lines
being bred.

SILAGE MAIZE RESISTANCE

TO ROOT LODGING

Similarly to productivity and earliness, resistance
to root lodging is a major aim in maize breeding
for silage use. Lodging is due to a wind-induced
swivelling of the plant base in wet soil conditions,
with or without root breaking. Susceptibility, or
resistance, depends on the quality of the root

anchorage, on the interactions between the growth
or the geometry of the roots, and the growth or
mechanical behaviour of the above-ground part of
the plant. Resistance also depends on the retarda-
tion of root and stalk senescence, and on the stiff-

ness of the stalk.

Variation in the anchoring quality of the roots
was related to the variation in the susceptibility to
root lodging of hybrids (Andrew and Solanki,
1966; Musich et al; 1965; Pellerin et al, 1990;
Hébert et al, 1990-92). The genetic variation

regarding resistance to lodging occurred with a
large variation of all traits related to the form and
structure of the root system. It thus appeared that
there was a link between resistance to lodging and
the number of roots on upper internodes, the aver-

age diameter of primary roots, and the orientation



of the growth of the roots in the soil. GCA effects
of these root traits were preponderant (Hébert et
al, 1992). The various traits involved balance each
other out, with threshold effects, so that plants
with different genetic mechanisms behave similar-
ly in the field (Hébert et al, 1996, Guingo and
Hébert, 1997). If the plant anchorage is very

strong, the stalk must be flexible to avoid its

breakage by the damping-down of the forces. An
important role in lodging behaviour was often
assigned to other features of the above-ground
parts, but the results are diverse and contradictory,
especially concerning the plant height and the
height of ear insertion.

Since root lodging is uncertain, and could occur
heterogeneously in a given field with adverse

influences of neighbouring plots, and since
numerous replicates of trials are expensive, breed-
ers have been interested, for a long time now, in
traits and methods for the indirect breeding of
resistance. Overall traits related to root morpholo-
gy have been used, such as i) weight of the clump
after pulling out (Holbert and Kochler, 1924;
Hayes and Johnson, 1939; Thompson, 1968), ii)
the force necessary to pull a plant out vertically
(Nass and Zuber, 1971; Arihara and Crosbie,
1982; Peters et al, 1982; Kerven and Hallauer,
1983; Fincher et al, 1985; Melchinger et al, 1986),
or else iii) the intensity of the force when pushing
plants laterally (Kushibiki, 1979; Koinuma et al,
1990; Fouéré et al, 1985). The relevance of these
characters appeared rather limited in lodging resis-
tance improvements, but these methods are proba-
bly not used often enough these days to offer a
proper assessment.

Genetic resources in root lodging resistance are
more easily found in late lines or hybrids than in
early germplasm where this trait is more rare and
often related to poor yielding. The breeding for
stalk standability in the last 15 years was carried
out by assessing the phenotypic resistance in

greatly exposed environments. It made it possible
to create extremely resistant early hybrids, recent-
ly registered in France. However, a lot of these
very resistant cultivars had a poor or very poor
feeding value. Conversely, cultivars bred for a

good feeding value were often susceptible. This
may be a random drift during breeding, either for
feeding value or for lodging resistance traits. But
these unwanted changes may also be due to nega-
tive pleiotropic effects or gene linkages, especial-
ly when breeding for stalk resistance to lodging, or
to breaking at grain maturity. However,
Melchinger et al (1986), Argillier et al, (1995),
and Hébert et al (1996) have shown that there was
no absolute linkage between standability and feed-

ing value, on broad based germplasms. Different
strategies in the distribution of structural materials
in the stalk may bring about plants with improved
mechanical resistance, with varying consequences
on digestibility (Undersander et al, 1977; Hawk et
al 1984; Pinheiro, 1984; Albrecht et al, 1986;
Hébert et al, 1996). The understanding of what is
conducive to resistance to root lodging and to

good ingestibility or digestibility will thus make it
possible to combine good resistance to lodging
with high feeding values, both for silage cultivars
and for dual purpose (grain and silage) cultivars.
Five important QTL (quantitative trait loci) have
been demonstrated for in-vitro digestibility
(Carolo et al, 1996). QTL were also highlighted
for traits of the root system (Guingo et al, 1997),
while other QTL were investigated for resistance
to lodging. The study of linkages between all these
QTL will allow breeding for the two traits from
non-antagonistic genetic systems.

SILAGE MAIZE TOLERANCE

TO COLD TEMPERATURES

In early-flowering and early-ripening maize,
grown in the northern part of Europe, the yield is
mainly limited by the insufficient absorption of
photosynthetically active solar radiation by the
plant canopy. The maximum LAI (leaf area index)
is reached during the cropping season when solar
radiation has distinctly diminished. Moreover, this
LAI value, near 3, is not sufficient for a maximum
interception efficiency. With low temperatures,
foliation is delayed and the maximum LAI value
may be decreased by 20 %. Among the characters
determining foliation, the leaf elongation rate is
the trait the most sensitive to temperature, and
with the widest genetic variation. Tolerance to low
temperatures may thus be defined as an aptitude of
plants to grow under cooler conditions or their
aptitude to recover their photosynthetic capacity
soon after a cold stress. In a review, Greaves
(1996) pointed out that numerous physiological
factors were involved in tolerance to suboptimal
temperatures in maize. Lower thermal thresholds
for germination and early growth are requested,
integrating all processes of inbibition, enzymatic
breakdown of kernel reserve, cell division and

extension. Plants may therefore have the ability to
grow autotrophically at low temperature. The sur-
vival of young plants in cold climates depends
very much on reduced cellular and tissue injuries
in severe chilling conditions. Cellular damage to
the roots, due to chilling injury, could also allow
pathogenic attacks (Miedema et al, 1987).



Messiaen (unpublished data, pers com) clearly
pointed out that the susceptibility of maize plants
to cold conditions was also related to their suscep-

tibility to Pythium arrhenomanes-graminicola
(Messiaen et al, 1977) and probably Fusarium
roseum sp (Messiaen et al, 1976). Breeding for
both cold and pathogen tolerance is necessary by
carrying out, for example, comparative cold tests
with or without fungi.

During the past 5 years, data in the understand-
ing of true cold tolerance were obtained from the
use of transgenic plants. The role of the lipids of
chloroplast membranes (Murata et al, 1992;
Somerville, 1995) and that of the detoxification
systems of reactive forms of oxygen (Tsang et al,
1991; Gupta et al, 1993; Prasad et al, 1994) have
been established.

Sources of variation for earliness and cold tol-
erance were first found in flint maizes of European
origin (Lacaune particularly). But, for further

improvement, the building up of an early silage
maize ideotype, tolerant to cold and fit for crop-
ping in the northern part of Europe, has to be

based on other genetic resources. Some tropical
ecotypes from highland areas (2-3000 m) dis-

played, under cold conditions, a faster seedling
emergence, a better and faster developed leaf sys-
tem, less chlorosis and a greater dry matter yield.
Results obtained at Inra Mons strengthened those
previously obtained (eg, Stamp, 1984; Sheldrick,
1980; Hardacre and Eagles, 1986; Eagles and
Lothrop, 1994, quoted by Greaves, 1996). These
ecotypes improved by CIMMYT, compared with
plants from temperate regions, showed, after an
early sowing at Mons (Somme), a sowing-
seedling emergence duration shortened by nearly
1-5 d, a vegetation development greater by 10 cm
at the 7-8 visible leaf stage, and a dry matter
weight greater by nearly 5 g per plant at the begin-
ning of July (Giauffret, unpublished data). As for
the characters linked to the growth of young
plants, additive effects were predominant, with lit-
tle partial dominance (Eagles, 1988). Heritability
of mean leaf appearance rate and of number of vis-
ible leaves 300 °C days (base 6) after sowing were
between 0.7 and 0.9 (Potier, 1982).

Most of these experiments were conducted with
seedlings, but cold tolerance is also required dur-
ing plant ripening. Chilling injury, due to a low
temperature during the previous summer or at the
beginning of autumn, has been related to earlier
senescence, roots and stalk rot damages (Barrière
et al, 1981). However, Newton and Eagles’ (1991)
results suggested that grain filling could be effi-
cient at a lower temperature in highland

germplasm, rather than in usual germplasm. But
other results (Hardacre and Eagles, 1989; Ellis et
al, 1992; Eagles and Lothrop, 1994) showed that
the growth rate of highland germplasm was lower
in seedlings or in adult plants than that of usual
germplasm when exposed to favourable tempera-
ture conditions. A multi-trait breeding could,
therefore, be achieved because the improvement
of a single suboptimal tolerance trait does not

modify the performance of genotypes in a temper-
ature-limiting environment (Greaves, 1996). Cold
hardiness in elite silage maize would therefore be
obtained through breeding crosses between elite
lines and highland and european tolerant lines,
introgressing and piling up numerous multigenic
traits originating from these unadapted and adapt-
ed germplasms

USE OF INPUTS IN SILAGE MAIZE

For a better control of environment protection, a
silage maize ideotype could be a good growing
plant in lower nitrogen conditions. Nitrogen leach-
ing may occur in autumn and in winter before
maize sowing, when no inter-crop was sown.
Nitrogen leaching may also occur in spring, when
the young maize needs are low. It may also occur

during winter, after harvest, from the nitrogen
residues due to poor fertilization managements,
with too high spreading, and/or spreading at inap-
propriate times. Mineralization and nitrogen con-
tent of manures is often underestimated. Breeding
for a better nitrogen use efficiency in silage maize
is possible, since Bertin et al (1996) proved that
there was a significant genotype x nitrogen fertil-
ization interaction in maize grain yield. The best
way to breed silage maize is no doubt to turn it

into a plant capable of making good use of the
nitrogen available in animal effluents. There is
indeed a good adequation between the nitrogen
mineralization period and the nutrient requirement
period of the plants. When cattle are fed on a
silage maize diet, the nitrogen (phosphorus and
potassium) returns in the manure are about equal
to the requirements of the maize crop. It is also
worth noting that nitrogen rejects per cow are
lower when cattle are fed silage maize instead of
grass (Le Gall et al, 1996; van Keulen et al, 1996).
Compared to the content of silage maize, which is
closer to 8 %, a crude protein content nearing
10-11 % would be well suited to the feeding of
high-yielding dairy cows. A greater ability in
maize to take up nitrogen originating from greatly
available manures could lead to a higher nitrogen
content of silage maize. For animal health reasons,



and to avoid nitrogen volatilization, manure

spreading on pasture is not desirable. Maize
should be bred as a depollution and valorization
tool for any available organic nitrogen in animal
effluents.

The silage cropping maize zones are not where
water resources are usually limiting. Even if the
tolerance to stress is almost greater in the more
recent genotypes, the improvement in plant behav-
iour during or after a period of hydric stress should
be more specifically taken into account. The most
plausible way in tolerance improvement is no
doubt the aptitude to regrow faster after a stress
period. A different approach is available through
the use of the genetic variability of the root sys-
tem. Variations in the uptake of water (and conse-
quently nitrogen) by the plant are probably more
related to variations in root growth than to the
intrinsical uptake variations. Different studies

proved that the morphology of the maize root sys-
tem was variable, particularly the number of roots
and ramifications, as well as the length of the
roots. Plants having a more developed root system
are more capable of finding water in deeper soils
as well as extracting water when the water plant
potential is lower. Therefore, such plants will

resist longer hydric stress. The comparison of the
root growth of maize and of sorghum was quite
conclusive in this respect (Lemaire et al, 1996).
More attention should be given by breeders to
roots, as it would lead to an improvement in toler-
ance against water and nitrogen shortages, as well
as in lodging resistance and in the yield stability of
hybrids.

OTHER AGRONOMIC TRAITS

IN SILAGE MAIZE

Breeders must take into account other agronomic
traits, either explicitly or implicitly. The ability of
hybrids to keep a stable yield across various envi-
ronmental conditions is investigated through a
multi-location trial network. The computing of
stability indexes such as the ecovalences (Wricke,
1962) make the ranking of genotypes for that par-
ticular trait possible. Modern genotypes, apart
from their distinctly better stalk standability, show
a greater tolerance to stress than older genotypes,
which is conducive to a greater stability (Tollenaar
et al, 1994). The ability of plants to ’stay-green’
during the ripening of the grain, is an indirect way
of improving the yield, the mechanical qualities of
the stalk and the disease tolerance during ripening.
A stronger stay-green in silage maize hybrids

could be less favourable because of a negative
effect on the dry matter content of the stover.

Possibly due to its tropical origin, maize is seldom
seriously affected by pathogens when cultivated in
northern Europe. An efficient selection against
stalk rots (Fusarium sp) and corn smut (Ustilago
maydis) has been performed for a long time. The
arrival of tassel smut (Sphacelotheca reiliarca), in
the mid 1980s, forced the breeders to look at this
disease resistance. In the areas where silage maize
crops are infested, chemical treatments of the soil
or the seed are available, but different cultivars
that are both good performers and reasonably tol-
erant to the disease are already available. Apart
from traditional genetic methods, the tolerance to
the European corn borer (Ostrinia nubilalis) is

managed through biological control with Bacillus
thuringiensis, or by spraying its toxin. Maize

hybrids, genetically modified with the Bt toxin
gene, are also available, but their use should be
carefully considered regarding the feeding use of
the whole maize plant. Moreover, in northern

Europe cropping areas, a silage maize crop would
require very little phytosanitary treatments, and
only for soil pest and weed control. Aerial fungi-
cidal applications should not be considered.

PROTEIN VALUE IN SILAGE MAIZE

Maize silage has a poor protein content, which is
readily and usually corrected by oil seed meals,
probably all the more available as oil crops for
industrial use is to expand. The useful protein sup-
plements should remove the protein shortage in
maize silage. They should also remove the short-
age in limiting amino acids that often brings about
an excess in crude protein, and, as a consequence,
an excessive excretion of polluting nitrogen.
Direct adding of amino acids in the diet is possi-
ble, for instance, for both methionine and lysine,
but not for tryptophan, isoleucine and valine,
which are not economically available after indus-
trial synthesis.

Regarding the 126 early hybrids studied at

Lusignan after a long-term experiment with stan-
dard sheep (see also Barrière et al, 1992), the aver-
age crude protein content (N x 6.25) was equal to
8.2 %, the very early ones being 0.1 % above and
the medium-early 0.1% below. Crude protein con-
tent was independent of the energy value and of
the grain content, but tended to be negatively
linked to the biomass yield, according to the nitro-
gen dilution law (r = -0.45). Such a tendency in
negative relationships between crude protein and



yield was also observed by Maggiore et al (1980)
and by Gallais et al (1981). As the genetic vari-
ance was particularly small (0.11 including exper-
imental hybrids with the same earliness), the nar-
row-sense heritability of crude protein content was
very low, about 0.16 (Barrière et al, 1992).
Expected progress in crude protein content of
silage maize by traditional genetic methods would
indeed be very limited.

The protein value of a feed in ruminants must in
fact be expressed as amino acids absorbed from
the small intestine, according to the new protein
evalutation system (PDI, digestible protein in the
small intestine, Andrieu and Demarquilly, 1987).
The PDI value mainly depends on the crude pro-
tein content of the feed and on the crude protein
degradability in the rumen. Variation in the rumi-
nal degradability of crude protein in maize was
recently demonstrated, and could range from 62 to
83 % (Cabon and Chapoutot, 1996; von

Keyserlingk et al, 1996). The part due to genetic
variation in that phenotypic variation is not

known. But, in order to assess the possible genet-
ic improvement of the PDI values in silage maize,
the genetic variation in protein degradability in the
rumen should be investigated, from in-situ mea-
surements with fistulated cows. This variation
could probably be very significant, and justify a
breeding effort.

ENERGY VALUE, INTAKE IN SILAGE
MAIZE FROM IN-VIVO MEASUREMENTS

The feeding value of a forage is related to its

ingestibility and its digestibility, and defines the
energy supplied by the forage in an animal’s diet.
The variation in feeding value of a maize cultivar
is related i) to the variation in digestibility of the
stover part of the plant, ii) to the variation in grain
content, iii) to the variations in ingestibility, and
iv) to the digestive interactions between the forage
and the concentrates in the diet. The digestibility
of the cell-wall parts depends on the intrinsic char-
acteristics of cell walls, which define their suscep-
tibility to microbial degradation. It also depends
on the efficiency of rumen micro-organisms, and
on the duration of an attack by micro-organisms,
which is related to the transit rate of the cell walls
out of the rumen.

As a result of works first published in 1969 and
1974 by Demarquilly and Andrieu, the energy val-
ues for silage maize given in the Inra reference
book for animal nutrition (Andrieu and

Demarquilly, 1988) range between 0.90 and 0.96

UFL per kg dry matter, according to maturity
and/or grain content (UFL is the French net ener-
gy feed unit, with 1 UFL = 7.11 MJ). These refer-
ence values were estimated about 30 years ago,
with a limited number of early genotypes having a
good feeding value (Inra258, Funk245,
Dekalb204, LG11), which are not representative
of the currently available hybrids. A lot of mea-
surements undertaken at Inra Lusignan with stan-
dard sheep, on a much wider genetic basis have
shown that the genetic variation in energy value of
silage maize was much larger (273 hybrids,
including 126 very early to medium-early hybrids
registered in EU, but mostly in France, see also
Barrière et al, 1992). In the 126 registered very
early to medium-early studied varieties, the ener-
gy values ranged between 0.79 and 0.95 UFL
(table I). Among these hybrids, 33 % had an ener-
gy value below or equal to 0.88 UFL and 40 %
above or equal to 0.90 UFL. The whole range of
UFL values was present in each class of hybrid
maturity, but there was only one very early hybrid
with a value below 0.86 UFL, whereas 1/3 of early
and medium-early hybrids fell into this group. The
narrow sense heritability of UFL energy value was
high (0.85), making significant progress possible
(Barrière et al, 1992).
The grain constitutes about 45 % of the dry

matter of the whole plant, and is almost complete-
ly digestible, whilst crude fibre constitutes only 20
%. Moreover, the study of genetic correlations
showed that the UFL value was more narrowly
related to crude fibre digestibility (r = 0.77) than
to grain content (r = 0.59). Effect of environment
on in-vivo digestibility or on energy value was
important. However, the genotype x environment
interactions were weak compared to the genotype
effect (Argillier et al, 1997). Computed over
39 genotypes and 20 years of in-vivo measure-
ments at Lusignan, and computed from a multi-
location cropping of maize, the mean square of the
effect of environment on energy value was 2-3

times as large as that of the genotype effect, but
the latter was 9-16 times as large as the genotype
x environment interaction. Therefore, maize

breeders are able to estimate energy value from a
limited number of trials, provided the locations are
well chosen, and provided a relevant in-vitro cri-
terion is available.

The genetic variation in the energy value of
silage was also proved in experiments with young
bulls or dairy cows, even if maize is not the only
constituent of the diet (Istasse et al, 1990; Ciba
semences, 1990; Carpentier et al, 1995; Barrière et
al, 1995a,b; Emile et al,1996). All other factors
being equal, when comparing hybrids with poor or



good digestibilities in dairy cows, fat corrected
milk yields differed from 1 to 3 kg among hybrids.
The protein contents in milk were also equal or
higher in hybrids, which allow greater milk yields.
In a similar way, differences in average daily gains
of young bulls reached 100 g per day among
hybrids. With a voluntary intake of maize silage of
about 16 kg of dry matter, the differences in pro-
duction observed between extremes correspond to
a difference in energy value of 0.12 UFL/kg of
silage dry matter. Differences between extreme
hybrids found in cows were slightly lower than
when estimated with standard sheep.

Large differences in intake, greater than 1 kg,
were also demonstrated in experiments with dairy
cows. The voluntary intake of the hybrid DK265
was greater than that of other hybrids (Barrière et
al, 1995a). A better ingestibility was also shown
by Ciba Semences in the kindred hybrids Briard
and Bahia. Ingestibility and digestibility appeared
to be partly independent. The digestibility of

organic matter in DK265, Briard and Bahia was
equal or lower than the digestibility in other

hybrids such as Brutus or Inra258. A hybrid with
a very good ingestibility, such as DK265,
appeared less efficiently used by dairy cows, when
supplying the usual supplements, since the excess

in available energy was only partly converted into
weight gain. The higher potential of such hybrids
can only be expressed when the supply of energy
supplements is lower, taking into account the extra
intake of silage. The highly ingestible and

digestible hybrids would be especially suitable for
animal rearing in less intensive conditions. The
same was also previously observed with the
brown-midrib-3 hybrids, which also had high
ingestibilities and digestibilities (Hoden et al,
1985).

Regarding breeding strategies, the same

improvement in the energy content of the diet can
be achieved from an increase in ingestibility of 1
kg, or from an increase in energy value of 0.06
UFL per kg. Both traits should therefore be a

breeding objective for the improvement of silage
maize. However, very few hybrids or genetic
resources are nowadays known for their higher
ingestibility.

CELL-WALL COMPOSITION

IN SILAGE MAIZE

Lignin content is obviously the major limiting fac-
tor of cell-wall digestibility. The digestibility of
the stover part of a maize plant is determined by



the amount and the distribution of lignified tissues
in the stalk and leaves. But the biochemical com-

position of lignin, and the nature of hydroxy-cin-
namic acids linked to it, are also involved

(Hatfield, 1993; Jung and Deetz, 1993; Besle et al,
1994). Cell walls are mainly made up of fibrillar
cellulose embedded in a matrix of phenolic con-
stituents (lignins, cinnamic acids) and of hemicel-
luloses. Lignin consists mainly of guaiacyl and
syringyl units, bound by ether linkages (such as &beta;-
O-4 linkages, broken by thioacidolysis) or car-

bon-carbon linkages (see Boudet et al, 1995). The
two most frequent cinnamic acids are p-coumaric
and ferulic acids, which could be linked to hemi-
celluloses and to lignin. Only ferulic acid howev-
er was proved to be covalently and simultaneous-
ly linked to lignin (by ether linkages) and to hemi-
celluloses (by ester linkages) (Lam et al, 1992).
Brown midrib mutants, with modified lignin

contents and compositions, but also of low agro-
nomic value, have been used and are still being
used as models to study the relationship between
lignification and feeding value (Barrière et al,
1993b; Chabbert et al, 1994). Recent data also
pointed out that feeding values related to genetic
variations existing in lignin content and composi-
tion of non-mutant hybrids (Jung and Buxton,
1994). The content in ferulic acid both etherified
to lignin and esterified to hemicelluloses, and/or
the condensation level of lignin estimated by the
amounts of syringyl and guaiacyl monomers set
free by thioacidolysis, could contribute to the vari-
ation in digestibility (Argillier et al, 1996a). There
are thus several factors that affect the digestibility
of cell walls, including lignin content, biochemi-
cal features of lignification and spatial distribution
of lignified areas in plant tissues.

At least four enzymes are involved in the syn-
thesis of cinnamylic alcohol during the lignifica-
tion process (OMT, F5H, CCR, CAD) (see Boudet
et al, 1995). Peroxydases and laccases are then
involved in cinnamylic alcohol polymerization.
Vignols et al (1995) proved that the bm3 muta-
tions occurred in the gene encoding the OMT. For
the building of a silage maize with good agronom-
ic and feeding values, the complete or nil working
systems such as the present bm3/OMT are proba-
bly not the most efficient. The use of the polymor-
phism of enzymes linked to lignification and the
use of variations in the corresponding regulating
genes will probably produce more interesting
plants. Using strategies for the partial silencing of
genes, with a sense or an anti-sense insertion, may
also be another approach, perhaps more for com-
prehensive works, than for breeding works, due to
potential risks and to the low acceptance of trans-

genic plants by consumers. Bernard Vailhé (1995)
and Bernard Vailhé et al (1996) had thus demon-
strated with tobacco that the digestibility of cell
walls increased after a transformation with CAD
and OMT genes. The modifications affected more
the composition than the content of lignin. The
study of possible links between the QTL known
for the feeding value, and the structural genes of
the lignification enzymes would then lead to a
study of the variability of these enzymes and the
possible existence of different classes in each of
them, as it was demonstrated in the OMT of
tobacco (Herman et al, 1987; Pellegrini et al,
1993). Furthermore, these approaches would per-
haps allow us to map out the regulating genes of
these enzymes.

GRAIN CONTENT AND GRAIN

COMPOSITION IN SILAGE MAIZE

Compared to the usual grassland forage plants,
maize is different because it has a grain part and a
stover part, whose sites of digestion are different
in the animal. Cell walls are digested mainly in the
rumen, while starch digestion, which is very high
over the whole digestive tract, occurs partly in the
rumen, and partly in the small and in the large
intestine. The nature of the digestion products, and
hence their metabolic use by the animal, depend
on the site of starch digestion. Volatile fatty acids
are produced in the rumen and in the large intes-
tine, but glucose is produced in the small intestine.
Moreover, in the rumen, the digestion of the grain
starch does not occur independently of the cell-
wall digestion. If a large amount of starch is being
digested in the rumen, whether it be from silage
maize grain or from concentrates, a shift occurs in
the balance of microbial populations. The amy-
lolytic activity of the microbial ecosystem increas-
es at the expense of the cellulolytic activity, lead-
ing to a reduced cell-wall digestion. The digestive
interactions, the digestive products of starch, and
then its efficiency, are related to its ruminal or
intestinal site of digestion, which depends on the
amount and ruminal degradability of maize and
extra starch supplied in the diet and on the intrin-
sical ruminal degradability of starch in the unripe
maize grain. The starch quantity and quality will
have to be taken into account by maize breeders.

Silage maize breeders first need a criterion for
grain content in maize. Experiments were there-
fore carried out at Inra Lusignan to find a suitable
grain content for animal feeding. When ensiling
large fields for cattle feeding, 1/4 of the ears were



discarded from half the field. Silages with approx-
imately 6 % less grain were obtained, but with
stover traits similar to those of control silages
(Barrière and Emile, 1990; Emile and Barrière,
1992). Results proved that the two silages were
used similarly either by cows or bulls, except
when bulls were fed the hybrid Rh225, which was
very poor in energy value and grain content. The
optimal grain content could be around 46 %, cor-
responding to a starch content of about 30 %. This
value would allow convenient milk yields and
weight gains, but it would also obviously depend
both on the complements supplied in the diet, and
on the digestibility of the stover part. Within a dis-
intensified cattle rearing, with a lower supply of
concentrates and thus of extra starch, the optimal
grain content in the maize silage could be higher
nearing 50 %. Plant breeders will have to use

simultaneously a criterion of grain or starch con-
tent and a criterion of stover digestibility.

Starch quality in silage maize may be a breed-
ing topic. The ruminal part of starch digestion can
be estimated by in-situ (Sauvant et al, 1994) or by
in-vitro (Opatpatanakit et al, 1995) methods, and it
was proved that, for a given grain ripeness, the
ratio between maize starch digested in the rumen
and in the intestine can vary considerably accord-
ing to the maize genotype. Kotarski et al (1992)
pointed out the effect of the quality of endosperm
on the rate of degradation in cereal grains.
Variations are mostly related in maize, whether the
grain is flint or dent, according to the type of pro-
tein matrix in the endosperm and resulting in a
more or less vitreous or floury albumen. Flint

starch of maize was about 10 % less degraded in
the rumen than dent starch, and the rapidly
degradable fraction was 50 % smaller (Michalet-
Doreau and Champion, 1996). In a seven-hybrid
trial, the in-situ ruminal dry matter degradation of
immature maize grains ranged from 71.7 % (dent
endosperm) to 54.8 % (flint endosperm), the grain
degradation of the hybrid Dea nearing 56.1 %
(Verbic et al, 1995). A more systematic investiga-
tion of existing variations remains to be performed
with grains of early hybrids, harvested at silage
time, before silage maize breeders obtain and use
a relevant criterion of starch degradability.

IN-VITRO BREEDING CRITERION

OF DIGESTIBILITY IN SILAGE MAIZE

Regarding the feeding value traits of silage maize
registered from 1958 onwards, the results are not
as straightforward as the huge improvements in

yield, earliness and stalk standability. This may be
related to a genetic drift of traits that had not been
taken into account during breeding, either the drift
was random or was the consequence of negative
linkages among traits. As Deinum and Struik

(1985) proved in the Netherlands, Lorgeou and
Barrière (1996) and Barrière and Argillier (1997)
in France showed that there was a decrease in the

average in-vivo feeding value of hybrids regis-
tered between 1958 and 1994. Across the years, the

average decrease in DOM or UFL energy value
arose mostly through the emergence of hybrids
with poor feeding values. The poorest hybrids
reached at least 0.11 UFL below the French refer-
ence value 0.90 UFL, while the higher energy val-
ues of newly registered hybrids did not go beyond
0.93 UFL, that is the energy value of old Inra258.
However, during these years, no quality test was
performed for an official registration in France.

For obvious practical and financial reasons,

digestibility assessments have to be performed
using in-vitro tests of dry matter, organic matter or
cell-wall fraction digestibility. Rumen fluid or

enzymes methods are available, either for research
or for breeding purposes. In the Netherlands, van
der Woude (1996) pointed out the improvement in
in-vitro digestibility when using a feeding value
criterion for hybrid registration. Breeders should
therefore establish in France and in the EU, in

agreement with the registration departments, feed-
ing value rules for the official registration of silage
maize, either for decisive use, or for informative
use. But this approach would be pertinent only if
the in-vitro method used was proved a good pre-
dictor of animal behaviour. The rules would also
have to be improved as and when more informa-
tion became available on prediction of intake.

For breeders, in large trial networks, a cheap
and easy digestibility test has also to be devised on
whole plant samples. But, when using solubilities
on whole plant samples, a given digestibility value
can be related to large grain or soluble carbohy-
drate contents, but with a low digestibility of cell
walls, or from a high digestibility of the stover,
with lower starch or soluble carbohydrate con-
tents. Moreover, the digestibility of the stover part
must be improved without modifying the starch
content which has been found as optimal for the
ruminant, and now set between 45 and 50 %,
according to the supplements given. Breeding
silage maize makes it therefore necessary to assess
at the same time the digestibility of the whole
plant, and the digestibility of the stover part. After
Struik (1983), Dolstra and Medema (1990) used a
computed digestibility of the cell walls (DCW) on
stalk samples, assuming that all the non-NDF part



was completely digestible. Argillier et al (1995,
1996b) have shown that it was possible to deter-
mine the digestibility of the non-starch, non-solu-
ble carbohydrate part (IVDNSC) based on the
enzymatic solubility of the whole plant (IVDMD,
Ronsin, 1990) and on starch and soluble carbohy-
drate contents, assuming that starch and soluble
carbohydrates were completely digestible.
Numerous works proved large genetic varia-

tions in the in-vitro digestibility of maize, either
for whole plants or cell walls parts (eg, Gallais et
al, 1976; Deinum and Bakker, 1981; Vattikonda
and Hunter, 1982; Deinum et al, 1984; Deinum
and Struik, 1985; Deinum, 1988; Dhillon et al,
1990b; Dolstra and Medema, 1990; Geiger et al,
1992; Hunt et al, 1992; Seitz et al, 1992; Dardenne
et al, 1993; Dolstra et al, 1993; Wolf et al, 1993;
Barrière et al, 1993a; Coors et al, 1994; Lundvall
et al, 1994; Argillier et al, 1995). In early lines,
according to Dolstra and Medema (1990), the

stalk DCW best values were close to 50 %. Whole

plant IVDNSC values in 175 lines of various ori-
gins, mostly early, but including some medium-
late, ranged between 59 and 72 %. IVDNSC in
usual flint lines was around 63 %, and was around
60 % in the dent lines (Argillier, 1995-96, unpub-
lished data). Lines of superior feeding value are
indeed available. Most of them are not used as par-
ent lines of elite varieties, partly because they lead
to poor-yielding hybrids or to hybrids susceptible
to lodging. They can be used in breeding second
cycle lines, and it will be all the more efficient as
it will be possible to breed for the per se values
(Argillier et al, 1995)
When considering the digestibility of whole

plants, as well as stover, stalks or cell-walls, GCA
effects for in-vitro values of digestibility were
often preponderant over SCA effects. The ratios of
GCA effects over SCA effects were also clearly
higher for IVDNSC than for IVDMD, approxi-
mately 17 versus 12 (Argillier, 1995). Similary,
genotype x environment interactions were often
small compared to main effects. Broad-sense her-
itabilities of quality traits could be higher than
0.80, but at least equal to those of yield (Coors et
al, 1994). The heritability of IVDNSC was greater
than that of IVDMD or of that of NDF digestibil-
ity. In the narrow sense it ranged between 0.45 and
0.65, and in the broad sense between 0.75 and 0.70

(Argillier, 1995). With an usual 20 % intensity of
selection, with a heritability of the IVDNSC crite-
rion equal to 0.55, and knowing that the pheno-
typic mean square of the IVDNSC criterion was
close to 25.0 for the early hybrids, the expected
progress for the first selection cycle of breeding
was of 2.1 points. Using the regression of Argillier

et al (1996b) between UFL and IVDNSC, this
progress was equivalent to an improvement of
approximately 0.02 UFL, assuming plausibly
there was no increase in NDF content.

The plant parts used for feeding value measure-
ments must be carefully considered, especially
when IVDNSC or DCW are computed, and

assuming that all the non-NDF constituents are

completely digestible. Comparisons made at Inra
Lusignan pointed out that genotype ranking could
be different, according to the cell-wall digestibili-
ty assessement which has been performed on stalk
or whole plant samples. Bias could be related to
the great variations in stalk carbohydrate content
because the translocation of carbohydrates from
the stalk to the ear may or may not have migrated
to the ear at the time of sampling. They could also
be related to variations in ratio and digestibility of
cob and husks.

IN-VITRO BREEDING CRITERION

OF INGESTIBILITY IN SILAGE MAIZE

Intake of silage maize affects as much as

digestibility the supply of energy to cattle by a
maize silage. Presently tests are available to

breeders for the assessment of the agronomic and
energy values, but no prediction tool is available
for estimating hybrid ingestibility. The voluntary
intake by standard sheep is not related to the

intake by dairy cattle. Ingestibility can only be
measured with the same sort of cattle, having sim-
ilar yields in animal products (Demarquilly and
Weiss, 1971; Chenost and Martin-Rosset, 1985;
Moran et al, 1988; Dulphy et al, 1994). The regu-
lation of the animal’s appetite is above all a phys-
ical regulation. The filling capacity of maize

silage, and hence its ingestibility, depends more on
the rate of ruminal degradation of the cell-wall
part than on the digestibility per se of this part. In-
situ measurements of degradation kinetics on fis-
tulated animals might provide a lead in the search
of breeding criteria. The rate of NDF degradation
between 0 and 36 h varies among genotypes (Inra
Lusignan, Tovar et al, unpublished). Such a trait
should be considered as being possibly related to a
genotype’s rumen-filling capacity, and as a conse-
quence, to genotype ingestibility. Other traits may
also be related to variations in ingestibility.
Studies on the mechanical resistance of tissue to

grinding could constitute an approach to finding
genetical differences in friability, related to the

ease of mastication and duration of rumination

(Minson and Wilson, 1994). Differences in palata-



bility among hybrids should exist, intrinsic to the
genotypes or induced by silage fermentation. If

present investigations have demonstrated very low
digestibility values in some hybrids, the observed
variation in ingestibility only showed an improve-
ment over existing usual values, and, at the

moment, no abnormally low values. This is also an
a posteriori justification of the priority given to
studies on digestibility. But, the improvement in
the ingestibility of maize would probably also

bring about an improvement in digestibility. The
improvement of the palatability of tall fescue, by
intra-specific selection or inter-specific hybrida-
tion, also brought about an improvement not only
in its ingestibility, but also in its digestibility and
its energy value (Emile et al, 1992; Ghesquière et
al, 1996). However, mainly due to the fact that an
in-vitro test is not yet available, the genetic
resources for better ingestibility, to be introduced
into a breeding programme, are not identified. As
soon as a test can be made available, more sys-
tematic investigations in its variation could be per-
formed between new and old lines, including eco-
types, making sure to discard any bias that may be
due to variations in dry matter or in grain content.

CONCLUSIONS

The genetic diversification of maize from true

grain types into dual grain and silage types or pure
silage types has now started in Europe, and some
seed companies have heavily invested in this. The
feeding value of a maize silage in the field and in
the silo is affected both by environment and geno-
type effects. The effects of the environment may
be important, but the environment x genotype
interactions are generally weak. As a conse-

quence, in a given environment, the genotype
determines for the farmer the value of the silage
and hence the performance of his cattle. Breeding
will be based on biomass yield and earliness of
whole plants, with an emphasis on lodging resis-
tance and a well developed root system. Breeding
for feeding value will comprise efforts on the

digestibility of the whole plant and cell walls, but
also on voluntary intake. The relevance of in-vitro
feeding value breeding criteria must obviously be
controlled from experiments with animals. The
relative weight to be put on yield and on digestibil-
ity is related to the economic conditions and to the
type of animal (Utz et al, 1994). But hybrids
whose energy value is below or equal to 0.88 UFL
(about 40 % of current early hybrids, from Inra
Lusignan data) should be discarded from ’silage
maize’ lists of registered cultivars. Silage maize

breeders have also to take into account the need of

feeding cattle at low costs and within environmen-
taly friendly ways.

Breeding would also be easier if the tests are of
sound inheritance, and would allow us to sort out
lines from their per se values. A criterion related
to whole plant digestibility such as IVDMD could
be used, but it would be better to use one related
to cell-wall digestibility such as DCW or IVDNSC
which are less linked to earliness effects. Starch
content and quality must be taken into account.
The optimal grain content in the silage should be
adapted according to the amount and nature of the
starches given in the diet. It can be assumed that a
grain content lower than 40 % will have negative
effects in animal feeding, and that a value nearing
50 % would be probably suitable for animals fed
diets with high forage to concentrate ratios. A
greater ability in maize to take up nitrogen from
available effluents would have both ecological and
nutritional advantages. Breeding for lodging resis-
tance will be investigated simultaneously with the
feeding value measurements, so as to avoid genet-
ic drifts in either trait. Important improvements
may be expected on cold tolerance. Input use and
management must be reconsidered, even if the
maize plant is already a very efficient one. New
silage maize hybrids will soon be available, point-
ing out the diversity of breeding efforts on agro-
nomic or feeding value traits.
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