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Abstract

The digestibility of forage organic matter is basically determined by that of the cell-
walls and, therefore, by their degree of lignification.

Despite its biochemical inadequacies which have long been known, Weende crude fibre
is still universally used to predict feed energy value. Associated with crude protein content,
it allows forage digestibility to be predicted with reasonable accuracy (RSD < 4) provided
that relationships be set up separately for the first cuts and the regrowths of each forage
species.

Many simple methods have been proposed to replace crude fibre which aim at dosing
either cellulose, or lignocellulose, or total cell-wall content. The most widely used is Van
Soest’s acid-detergent fibre which is a lignocellulose residue that is as empirical as crude
fibre but has two advantages over the latter : its measurement is quicker and probably more
reproductible ; it generally allows digestibility prediction to be slightly improved. Lignin is the
best chemical predictor of digestibility, when determined by a satisfactory method. Several
methods exist but no one can be proposed for the moment for routine analysis because they
are too time consuming and/or insufficiently founded. Adding a measurement of hemicellu-
lose and of cellulose to lignin, notably in sequential analysis, improves forage digestibility
prediction but at too high a cost.

It would appear that there are no simple chemical treatment which could allow a cell-
wall residue to be isolated, which is equal or proportional to the non-digestible cell-wall
fraction. This can be carried out using rumen liquor microbes or fungal cellulolytic enzy-
mes ("cellulases").

The digestible crude protein content of forages can be predicted accurately from nitro-
gen content, but it is not a satisfactory criterion for the amount of amino acids supplied
directly and indirectly by the forage in the small intestine. To evaluate this amount in the
new systems, the forage N degradability in the rumen and the amount of microbial proteins
which result, must be predicted. Many solvents have been proposed to assess N degradability.
Buffer solutions (artificial salivas) are considered to make soluble two out of the three forage
nitrogen fractions degradable in the rumen, that is the non-protein constituents and the pro-
teins soluble in the rumen liquor. But a part of the proteins insoluble in the rumen liquor,
about 35 per cent (mean) is also broken down by the rumen microbes. Artificial salivas are
thus useful at least to describe the main variations in forage N degradability, for example,
through dehydratation or silage additives.

Temporary inadequacies in the knowledge and the prediction of N degradability, and
even more of microbial protein yield, should not prevent present knowledge from being
applied with the help of new systems, such as the PDI system.



Résumé

Méthodes chimiques de prévision de la valeur énergétique et azotée des fourrages

La digestibilité de la matière organique des fourrages est fondamentalement déterminée
par la digestibilité des parois cellulaires, et de ce fait, par ’leur degré de lignification.

En dépit de ses insuffisances biochimiques, connues depuis fort longtemps, la cellulose
brute Weende reste encore universellement employée pour prévoir la valeur énergétique des
aliments. Associée à la teneur en matières azotées, elle permet d’estimer la digestibilité des
fourrages avec une précision relativement satisfaisante (erreur standard inférieure à 4

points), à la condition que les relations soient étab’lies pour chaque espèce fourragère et en

distinguant les premiers cycles des repousses.
De nombreuses méthodes simples ont été proposées pour remplacer la cellulose brute.

Elles visent à doser la cellulose, la lignocellulose ou les parois totales. La lignocellulose au
détergent acide (acid-detergent fibre) de Van Soest est la plus utilisée. C’est un résidu ligno-
cellulosique aussi empirique que la cellulose brute, mais elle présente sur celle-ci deux avan-
tages : son dosage est plus rapide et, sans doute, plus reproductible ; elle permet en général
d’améliorer légèrement la prévision de la digestibilité.

La lignine est le meilleur prédicteur chimique de la digestibilité, lorsqu’elle est déter-
minée par une méthode satisfaisante. f1 existe plusieurs de ces méthodes, mais on ne peut
pas pour l’instant en proposer une pour les analyses de série, parce qu’elles sont trop longues
et (ou) insuffisamment fondées. L’addition du dosage des hémicelluloses et de la cellulose
à celui de la lignine, notamment dans les analyses séquentielles, améliore la prévision de la
digestibilité des fourrages, mais à un coût trop élevé.

Il n’existe pas, semble-t-il, de traitements chimiques simples qui permettent d’isoler un
résidu pariétal égal, ou étroitement lié, à la fraction non digestible des parois. Il faut pour
cela utiliser les microbes du liquide du rumen (digestion in vitro) ou les préparations d’enzy-
mes cellulolytiques fongiques (o cellulases »).

La teneur en matières azotées digestibles des fourrages peut être prévue avec précision,
à partir de la teneur en matières azotées. Mais elle n’est pas un critère satisfaisant de la
quantité d’acides aminés apportée, directement et indirectement, par le fourrage dans l’intestin
grêle. Pour évaluer celle-ci dans les nouveaux systèmes (PDI), il faut prévoir à la fois la
fermentescibilité de l’azote du fourrage dans le rumen et la quantité de protéines micro-
biennes qui sort de ce dernier. De nombreux solvants ont été proposés pour estimer la fer-
mentescibilité. On peut considérer que les salives artificielles (solutions tampons) solubilisent
deux des trois fractions azotées des fourrages qui sont dégradées dans le rumen, à savoir les
constituants non protéiques et les protéines solubles dans le liquide du rumen ; mais une
fraction des protéines insolubles dans le liquide du rumen, de l’ordre de 35 p. 100 en
moyenne, est aussi dégradée. Les salives artificielles sont donc utiles au moins pour décrire
les principales variations de la fermentescibilité des fourrages, par exemple sous l’action de
la déhydratation ou des fermentations de l’ensilage.

Les insuffisances actuelles dans la connaissance et la prévision de la fermentescibilité de
l’azote des aliments et, plus encore, du rendement de la synthèse des protéines microbiennes,
ne doivent cependant pas empêcher de mettre en application les connaissances modernes à
l’aide des nouveaux systèmes tels que celui des PDI.

Introduction

Predicting the nutritive value of forage crops and feedstuffs from their chemi-
cal composition is a problem which agricultural scientists have faced for a

long time. It has given rise to a great deal of work (see BARNES, 1973 ; MORRISON,
1976) and is still a subject for interest in spite of the enzymatic methods which



have been proposed over the last 20 years (see OSBOURN and SIDDONS, 1980).
However in almost all countries the nutritive value is still predicted from the
Weende system of analysis which is over one hundred years old and crude fibre
determination is required by feedstuff regulations.

We are going to give an overview of the general relationships between the
chemical composition of forages and their energy and protein value. Their appli-
cations will be illustrated by DEMARQUII_LY, CHENOST and SAUVANT in the next

paper.

Digestibility of forage constituents

As suggested 25-30 years ago (PALOHEIMO and PALOHEIMO, 1947 ; FAU-
CONNEAU and JARRIGE, 1954) the chemical constituents of forages should be
divided into two groups : the cytoplasmic constituents, or cell contents, and the
cell-wall constituents (figure 1).

Cell contents

The cell contents include water-soluble carbohydrates (sugars, oligosaccha-
rides, fructosans), organic acids, lipids and pigments, proteins, non-protein nitro-
genous substances, nucleic acids, phenolic compounds, and most of the inorganic
constituents. The proportion of cell contents is higher in cellulosic tissues than
in lignified tissues, and higher in leaves than in stems.

Water-soluble carbohydates are fermented entirely in the reticulo-rumen
and their apparent digestibility is 100 per cent (JARRIGE and Mirrsorr, 1964).



The true digestibility of crude protein and lipids is very high, generally close to
95 per cent, except in some tannin-rich plants, in overheated hays and silages
and in overdried dehydrated forages. However, their apparent digestibility is lower,
due to microbial and endogenous residues excreted in the faeces, and is closely
related to their content. The apparently digestible crude protein content of normal
forages can be predicted very accurately from the crude protein content (see
page 316).

The true digestibility of cell contents (CC) considered as a nutritional entity
is very high and the apparent digestibility rises when percentage of cell contents
in the forage is increased. The apparently digestible cell contents (DCC) have
been shown to be a linear function of the cell contents measured as dry matter
soluble in VAN SOEST neutral-detergent solution:

This correlates with the apparently non-digestible cell content (NDCC) cal-
culated by substracting the non-digestible cell-walls (NDCW) from the non-

digestible organic matter (fig. 5). NDCC can be considered fairly constant, at
least in fresh forages, varying from 12 to 15 per cent of the organic matter (i.e.
11.5 to 14 per cent of dry matter), mainly with the apparently non-digestible
protein content.



Cell-walls

Plant cell-walls are made up of structural polysaccharides with lesser amounts
of lignin and cutin, traces of protein (extensin) and silica. The structural poly-
saccharides may be divided into three main groups (see JARRIGE, 1963 and

BAILEY, 1973) : cellulose, hemicelluloses of which xylans are the most important,
and pectic substances. Hemicelluloses and pectic substances are frequently grouped
under the general heading of hemicellulose.

The extent of cell-wall degradation by the microorganisms of the reticulo-
rumen (and of the large intestine) is extremely variable. The thin cell-walls of
the cellulosic tissues (mesophyll, phloem) are completely degraded as shown by
their absence in the faeces (GRENET, 1966). In contrast, the thick cell-walls that
are incrusted with lignin (sclerenchyma, xylem) or piotected with a thick cuticle
(epidermis), are entirely undigested or degraded to a low extent as shown by
microscopic techniques (Axtrr, 1979).

For nutritional purposes, the forage cell-wall content can be divided diagram-
matically into two fractions (JARRIGE and MINSON, 1964, MlNSOrt 1976) (fig. 1) :

1) one fraction that may be regarded as potentially fully digestible (DCW).
It comprises the fraction of the forage cell-wall polysaccharides that is not protec-
ted by lignin, cutin or other structural inhibitors ;

2) a fraction that may be regarded as completely indigestible (NDCW). It

comprises lignin and cutin and the fraction of the forage cell-wall polysaccharides
that they protect from degradation. Xylans can be linked to lignin and thus
hemicelluloses are clearly less digestible than pectic substances (arabinose) and
cellulose (JARRIGE and MINSON, 1964). However the non-digestion of cell-wall

polysaccharides cannot be ascribed entirely to lignification. It can be due in
addition to other factors such as the cristallinity of the polysaccharides and their
acetylation.

The NDCW fraction increases as the plant matures due to the increase in
the proportion of stems and lignified tissues. Thus the apparent digestibility of

plant cell-walls decreases with advancing maturity, from up to 90 per cent in

young leafy herbage down to less than 40 per cent in straws. It is closely related
to the lignin content (table 1 - fig. 2), more closely than to the cell-wall content
itself.

As the apparently non digestible cell contents remain roughly constant the
apparently non-digestible organic matter, or ballast, depends strictly on the

non-digestible cell-wall content, the regression coefficient being remarkably
similar (from 1.0 to 1.15) for different forages (table 1 - fig. 5). Hence the

apparent digestibility of herbage organic matter is closely related to the apparent
digestibility of its cell-walls (fig. 3). However there are differences between species,
families and cut numbers. For example, at equal concentrations of lignin, legumes
have lower NDCW than grasses (fig. 4) and therefore higher organic matter diges-
tibility. This is because legumes have lower contents of total cell-walls, especially
of hemicelluloses, and also because their lignins probably interact chemically to
a lesser extent with hemicellulose than those of grasses (GORDON, 1975).

The problem of estimating forage digestibility is essentially that of estimating
its indigestible cell-wall content.

It must be mentionned that the apparent digestibility of cell-wall polysaccha-
rides can be less than the potential when the extent of the microbial degradation







in the rumen is reduced. This can occur when the retention time of forage in
the rumen is reduced by high levels of intake or by finely grinding forage and
when the cellulolytic activity of the microbes is depressed by a deficiency in

degradable nitrogen and in minerals and (or) by a low rumen pH (starchy diets).

Prediction of the energy value of forages

The metabolizable energy content of forages is closely linked to the apparent
digestibility of organic matter (d 0), which is most frequently measured on
wethers. In the new energy system proposed in France, (VERMOREL, 1978), the
ME content is estimated from 1) the gross energy content of organic matter,
which is related to the crude protein content, 2) the digestibility of energy deduced
from d 0 (DEMnRQmLLY et al., 1978) and 3) the relation between digestible energy
and metabolizable energy which depends on crude fibre content, protein content
and the level of feeding.

Crude fibre

Crude fibre measured in the old Weende analysis system is an empirical
residue obtained by boiling the feed successively with diluted acid and diluted
alkali. These hydrolysis dissolve almost all the cell contents, the major part
(60-80 per cent) of hemicelluloses, a small fraction of cellulose and a rather
variable fraction of lignin, which is much higher in grasses (60-90 per cent) than
in legumes (20-50 per cent) (see for example NORMAN, 1935).

Hence, crude fibre is a cellulosic residue composed mainly of cellulose (70-
90 per cent) with lignin (5-20 per cent) and residues of hemicellulose (5-10 per
cent) and protein (1-3 per cent). The crude fibre content should be considered
as an overestimation of the cellulose content. It is closely related to the sum cellu-
lose + lignin within each plant group (fig. 6), especially for grasses (R = 0.98,
RSD < 1.0 for rye grass and cocksfoot). The ratio crude fibre : total cell-walls
is 55-60 per cent in grasses and 60-70 per cent in legumes and increases with
plant maturity. The apparent digestibility of crude fibre is 0 to 0.10 lower than
that of cellulose in grasses (JARRIGE and MINSON, 1964) and 0.15 to 0.20 in

legumes. In many forages, crude fibre can be as digestible or even more digestible
than the nitrogen-free extract which contains the major part of hemicellulose and
a fraction of lignin together with cytoplasmic components other than nitrogenous
and ether extractable substances. Thus, crude fibre does not mean indigestible
cell-walls.

The crude fibre content, as well as the cellulose content, is not the prime
factor of the indigestible cell-wall content and thus, of the organic matter

digestibility. However, it is associated with the proportion of stems and
with the cell-wall content, and is generally correlated with the lignin
content. These associations are very close during the first growth of each
plant and the organic matter digestibility of the plant can be predicted
satisfactorily from its crude fibre content, particularly when considered
with nrotein content (tab]! 5). However, the association between crude fibre and
cell-wall and lignin contents can differ between first growth and regrowths,





between grasses and legumes, between species of the same family and between
fresh and conserved crops. Separate regression equations are required for each

group of forages (DEMaRQmLLY et al., 1980).
The shortcomings of the crude fibre method have been known for a long

time. Other methods have been proposed, with different aims that are not always
compatible : 1) to obtain chemical entities ; 2) to save time and improve reprodu-
cibility or, 3) to improve forage digestibility prediction.

These methods can be divided into three groups : 1) simple methods as

alternatives to crude fibre ; 2) lignin methods, and 3) summative analysis.

Simple methods alternative to crude fibre

Acid fibres or lignocelluloses

The alkaline digestion of the Weende procedure removes protein but dissolves
a considerable and variable fraction of lignin. To overcome this loss of lignin,
fibre methods using only acid digestion (but with a stronger acid, 5 per cent or

nH2S04) were suggested by NORMAN (1935) and HALLSWORTH (1950) and have
been worked out later on (WALKER and HErBURrr, 1955; JARRIGE, 1962) (table 2).
VAN SOEST (1963) added a detergent to the acid solution in order to dissolve more
protein and to obtain a fibre residue of lower nitrogen content. The detergent
facilitates the solution of fat and allows the preextraction of fat to be eliminated.
This is probably why the acid-detergent fibre (ADF) has been widely used.

Cellulose and lignin can be thought to be almost completely recovered in
the acid-detergent fibre, together with a variable fraction of the hemicelluloses



and pectic substances which is greater in legumes (30-45 per cent) than in

grasses (15-30 per cent) (KIM et al., 1967 ; BAILEY and ULYATT, 1970 ; RIQUET,
1979), a fraction of ash including all the silica (VAN SOEST and WINE, 1968),
protein residues... Thus the acid-detergent fibre is not a pure lignocellulose. It is

higher than the sum cellulose + lignin (figure 7). In addition to cellulose (45-65
per cent of the ADF) and lignin (10-20 per cent), it contains hemicelluloses
and pectic residues (10-20 per cent), protein residues (1-6 per cent), ash and an
undetermined fraction (table 3). Like the crude fibre, the ADF of legumes has
a higher lignin content than that of grasses and a lower cellulose content

(CoLSURrr and Evnrrs, 1967 ; RIQUET, 1979) (table 3). The ash content of ADF

is quite variable and can exceed 10 per cent in some silages, probably in relation
with silica content. Almost all ash derived from soil contamination is recovered
in ADF (AERTS et al., 1978). The N content of ADF (like that of other acid-
fibres) is increased by MmLLnRn reactions in forages that have undergone hea-
ting either spontaneous (silages...) or artificial which was suggested to be a

sensitive assay for this non-enzymic browning (VAN SOEST, 1965). Extending
hydrolysis duration with acid-detergent dissolves more hemicelluloses and pectic
substances (BAILEY and ULYATT, 1970) and other substances (protein), resulting in
a lower yield of ADF (CLANCY and WiLSOrr, 1966 ; Mc LEOD and MrrrsoN,
1972) as was previously shown with acid alone (JARRIGE, 1961).

There are very few comparisons between ADF and crude fibre as predictor
of forage digestibility (table 4). In most of them, ADF has allowed slightly
more accurate predictions than crude fibre, as have the non-detergent sulfuric
fibres such as JARRIGE’S lignocellulose (table 5). This improvement is probably
due to the fact that ADF and other sulfuric fibres contain all lignin. Slightly
better accuracy has been achieved for some forage groups, but not for all, by
extending hydrolysis duration to 2 hours (CLANCY and WrLSOrr, 1966) or more
(Mc LEOD and Mirrsorr, 1972), of by increasing the acid-strength (Mc LFOD
and MINSON, 1972). Correcting the ADF for its ash content has improved the



accuracy for some species but decreased it for others (Mc LEOD and Mlrrsorr,
1972 ; JARRIGE, unpublished). Therefore, improvements in the accuracy of pre-
dicted digestibility should be achieved by selecting the optimum conditions for
each forage group (species...). However they seem to be much too time-consuming
to warrant any change in the analytical condition proposed by VAN SOEST.

Other one-step hydrolytic treatments have been proposed to obtain a ligno-
cellulosic residue, such as 80 per cent formic acid (GUILLEMET and PRECEPTIS,
1942, GUILLEMET and JACQUOT 1943) and 5 per cent KOH (KESTrrrc, 1978).
It is noteworthy that the formic fibre content, which is very close to the crude
fibre content (fig. 6), is equal to crude fibre when used to predict digestibility of
most of the forages (table 5).

Totccl cell-walls

As early as the end of the last century, attempts were made to separate the
total cell-wall constituents from the cell contents. Water, lipid solvents (ethanol,
ether...), enzyme preparations, diluted alkaline or acid solutions were used. For
example, Pnr.oHEtMO and PALOHEIMO (1948) prepared a residue called « total
membrane substances » after ethanol-benzene extraction and boiling in 0.05 NHCI
and corrected it for its nitrogen and ash contents (table 2).

The neutral detergent procedure proposed by VAN SOEST and WINE (1967)
is a much shorter method. The neutral-detergent fibre (NDF) approximates the
plant cell-wall constituents. However, it contains residues of cell contents, mainly
nitrogenous substances (3 to 15 per cent of NDF) and ash. Moreover, a fraction



of the cell-wall polysaccharides, especially pectic substances, is dissolved by the
neutral-detergent and even a fraction of lignin (BAILEY and ULYATT, 1970 ;
COLBURN and EVANS, 1967).

The neutral-detergent fibre is generally a less efficient predictor of forage
digestibility than ADF, or even crude fibre (VAN SOEST and MERTENS, 1977).
In contrast, it predicts the voluntary matter intake better. The NDF is valuable
to measure the dietary fibre (i.e. polymeric substances resistant to animal digestive
enzymes) in feedstuffs for non-ruminants.

Lignin methods

As lignin is the prime factor of cell-wall indigestibility (table 1), many
attempts have been made to use the lignin content to predict forage digestibility.

By far, the majority of studies on lignins have been carried out on wood lignins.
Methods of determining lignin in forage crops are adapted from those on wood
(see MORRISON, 1976). Since the work of KLASON, most of them have been based
on the removal of cellulose from a lignocellulose residue with 72 per cent sulfuric
acid, leaving an acid-insoluble residue which is estimated gravimetrically and called
crude lignin. This crude lignin can contain humin products resulting from the
condensation of protein and non-cellulosic carbohydrate hydrolysis products. The
methods differ in preliminary treatments applied before hydrolysis with 72 per cent
H2S04 to remove these two groups of compounds (JOURNET and JARRIGE, 1962).
The so-called true lignin is obtained after correcting the crude lignin for its nitrogen



contents or removing humins (with an acid-detergent solution in the method of
CHRISTIAN (1971). An alternative procedure to these sulfuric lignins is to remove
the lignin rather than the cellulose from the lignocellulose residue. Methods based
on this principle have been developped using permanganate (VAN SOEST and WINE,
1968) or triethylene glycol (EDWARDS, 1973). The weight-loss is calculated as

lignin.
All methods to determine lignin are more or less empirical. There is some

uncertainty as to whether they measure all the lignin and only the lignin. Lignin
is defined by the method used to isolate it. Moreover a pure lignin preparation may
not be better than a crude preparation to predict forage digestibility.
KLASON lignins (without detergent) have generally been found to predict

digestibility with a distinctly lower error than crude fibre and its alternatives

(KIVIMAE, 1959 ; SULLIVAN, 1964 ; MULLER et al., 1970 ; VAN DER KOELEN
and VAN Es, 1972 ; JARRICE et al., table 5). Their superiority is maximum when
they are applied to groups of forages including different species and different cuts.
However separate predicting equations are required for grasses and legumes.
Grasses have a lower organic matter digestibility than legumes with the same

lignin content as shown in the following equations (JARRIGE 2t al., table 5)
relating the digestibility of organic matter (d 0) to the true lignin (TL) and crude
protein (CP) content (as per cent of organic matter) :

The detergent sulfuric lignin of VAN SOEST (1963) appears to predict digesti-
bility with a lower accuracy than the non-detergent sulfuric lignins. The errors

(RSD) were 5.2 and 3.1 respectively with 14 samples of grasses and legumes (JARRIGE,
unpublished) and 5.0 and 3.1 with 50 samples of tropical grasses (McLEOD and
Mirrsorr, 1971). With the latter samples the errors were 3.9, 4.5 and 2.4 with the
lignin content determined by the methods of VAN SOEST and WINE (1968), EDWARDS
(1973) and CHRISTIAN (1971) respectively (Mc LEOD and MirrsoN, 1974). This
lower accuracy of lignins determined on acid-detergent fibre is related to
a more narrow range of variation, especially because the values for mature
forages are much lower than those obtained with the non-detergent sul-
furic methods. Detergent treatments, even neutral detergents, are likely
to dissolve some lignin or to make it accessible to the 72 per cent H2S04
hydrolysis. The permanganate lignin is higher than the sulfuric lignin measured
in the same ADF (VAN SOEST and WINE, 1968; DEINUM, 1971) and is better related
to digestibility (McLEOD and MINSON, 1974; AERTS et al., 1977a). The detergent
permanganate lignin had been found to predict digestibility with a lower error
than ADF in some comparisons (VAN DER KOELEN and VAN Es, 1973; AERTS et al.,
1977b) but not the sulfuric lignin (VAN SOEST and MERTENS, 1977) (table 4).

All these lignin methods are time-consuming. A much shorter method was
adapted from wood analysis by MoRRrsorr (1972). After prior removal of interfe-
ring phenolic materials, the cell-walls are dissolved in acetyl bromide in acetic acid
and lignin is measured spectrophotometrically at 280 nm. The correlation coeffi-
cient with the digestibility of hays and silages would be higher than for modified
acid-detergent fibre or lignin. (MoRRisoN, 1973).



Summative and seqccential analysis

Following the suggestion of NORMAN (1935) and CRAMPTON and MAYNARD

(1938) to replace crude fibre by the determination of cellulose and lignin, many
authors have proposed to measure the main carbohydrate fractions : soluble

carbohydrates, hemicelluloses and pectic substances, anhydro-uronic acid, cellulose
and lignin. This can be done on separate samples (CHARLEY-LERY et al., 1952 ;
GAILLARD, 1958 ; WAITE and GORROD, 1959) or on the same sample following
a sequential analysis (HARWOOD, 1958 ; JARRIGE, 1961 ; DERIAZ, 1961 ; BAILEY,
1964 ; SALO, 1965 ; SouTIIGATE, 1969). In all these sequential systems of analysis,
the carbohydrate fractions are estimated from sugar determination in the extracts.

As shown by our data summarized in table 5, the digestibility of most forage
groups can be predicted accurately from their content in hemicelluloses, cellu-

lose, lignin and protein (the water-soluble carbohydrate content does not improve
the prediction). However the accuracy is only slightly better than that obtained
from lignin and protein alone, which does not warrant the measurement of the
hemicellulose and cellulose content.

In the analysis using detergents (VAN SOEST and WINE, 1968), hemicelluloses
are estimated as the difference between neutral-detergent fibre (NDF) and acid-
detergent fibre (ADF) and cellulose as the difference between ADF and lignin.
This cellulose value clearly overestimates the cellulose content (table 3) by 15-20
per cent in grasses and 25-35 per cent in legumes. The hemicellulose value is

misleading because it is subject to errors both in NDF and ADF, which are

sometimes self-cancelling. Compared to the non-cellulosic polysaccharide content,
the VAN SOEST hemicellulose is much lower for legumes and much higher for
mature grasses. In a sequential procedure, the ADF is measured on the NDF.
It is lower than the ADF measured directly, which results in a lower hemi-
cellulose value ; the acid insoluble lignin is greatly decreased and appears mea-
ningless (RIQUFT, 1979). Procedural modifications to the detergent system and
different sequences of analytical treatments have been proposed (VAN SOEST and
ROBERTSON, 1980 ; FONNESBECK, 1976).

Summative equations including NDF, ADF and detergent lignin led to
a more accurate prediction of forage digestibility over ADF alone (VAN SOEST and
RoBERTSOt!, 1980 ; OsBOURN et al., 1971 ; AERTS et al., 1977a ; 1977b). A more
accurate prediction was obtained in the Netherlands (VAN DBR KOELEN and VAN
Es, 1973) from determining a neutral detergent residue and its anhydro-uronic
and lignin contents according to the method of GAtt,LARD and NIJKAMP (1968).

Conclusions

What we need is a chemical method that would reproduce, at less propor-
tionnally, the action of microbial enzymes on the cell-walls. It should dissolve
the digestible cell-walls leaving as a residue the indigestible cell-walls. Attempts
have been made using chemical treatments that dissolve the amorphous part
of the cellulose, like cupriethylene diamine (DEHORITY and JOIINSON, 1964) or
cadmium salts (Cadoxen) (JARRIGE, unpublished). They leave an empirical fibre
which is not more closely related to digestibility than is crude fibre or ADF



In fact, it seems very difficult to find a chemical agent that would dissolve the
digestible cellulose without dissolving the major part of the indigestible hemicellu-
lose, to estimate the indigestible cell-walls.

Such an estimation is easily obtained with the in vitro methods using rumen
microorganisms or fungal cellulosic preparations (see OsaouRrr and SIDDONS,
1980 and MARTIN and BARNES, 1980). It is the reason why these methods, espe-
cially the two-stage digestion technique of TILLEY and TERRY and its derivatives,
give a more accurate prediction of forage digestibility than any single chemical
estimates. However their use in routine laboratories is limited respectively by the
need to maintain donor animals or by the variation in the activity of different
sources of « cellulases ».

Chemical determinations of cell-wall fractions remain the basic methods for
these laboratories. Crude fibre is useful for describing the variations of the
cell-wall contents of temperate forages and predicting their digestibility. But it
should be correctly used. Firstly, as any other fibre fraction, it must be deter-
mined in conjunction to a preliminary observation of the botanical composition,
age and stage of growth of the forage and the climatic conditions. Secundly,
prediction equations of the organic matter digestibility (and not dry matter) should
be calculated for each species and cut (at least first cut and regrowths) and
include the crude protein content and frequently quadratic terrnes (see DEMAR-
QmLr.Y et crl., 1980). This is possible because crude fibre has been measured in
the thousands of digestibility trials carried out for many decades.

To counterbalance this immense historical advantage alternative methods to
crude fibre must be superior if possible for all the criteria of evaluation : adapta-
tion to routine, reproducibility, accuracy in the prediction of digestibility, and cost.
Sequential analysis are too much time consuming ; most lignin methods lack of
reliability or reproducibility ; NDF is a poor predictor of digestibility. Only
the ADF is liable to replace crude fibre. Although as empirical as is crude
fibre, it is quicker and probably more reproducible and it allows a slightly more
precise prediction of forage digestibility. These advantages have been considered
sufficient by some people to recommand the replacement of crude fibre by ADF,
or at least the determination of fibre by both methods « to gradually develop
an adequate analytical base that will allow discontinuance of crude fibre as soon
as possible (1) ».

However the shortcomings of ADF are yet so large that an other attitude
is to wait for methods which would be decisively superior to crude fibre. The use
of cellulolytic preparations offers the best possibilities in the near future.

Infrared reflectance spectrocopy (NORRIS et al., 1976) could be of value for
large laboratories when the proper wavelengths have been identified for each

forage group.

Prediction of the protein value of forages

The nitrogenous substances of forages

The nitrogenous substances of forages may be empirically divided by
extraction with 70-80 per cent ethanol (possibly followed by a water extraction)

(1) From the recommandations of a workship held in Ottawa on &dquo;Standardization of analytical
methodology for feeds&dquo; (Editors W. J. Pigden. C. C. Balch and M. Graham).



into two fractions (fig. 8) : the « non-protein » components (NPN) which are
extracted and the « proteins n which normally are not extracted.

The free amino acids and their amides (glutamine, asparagine) are the major
components of the NPN fraction in fresh forages, while low molecular weight
peptides, bound amino acids, ureides, nucleotic and chlorophyll are minor compo-
nents. They are mainly located in the vacuole. The proportion of NPN in total



nitrogen is quite considerable and variable in fresh forages (table 6). It is parti-
cularly high in stems and in roots as well. The normal values in standing plants
are 20-25 per cent in grasses and 25-30 per cent in legumes.

Proteins have been studied in the leaves of a few species (spinach, tobacco,
pea, barley). Typical distribution of proteins in leaf cells is the following (BRADY,
1976) : 55-56 per cent in chloroplasts, 20-35 per cent in the cytoplasm, 5-7 per
cent in mitochondria, 1-2 per cent in the nucleus and 1-2 per cent in cell wall.
About half of the leaf proteins are extracted by low ionic strength neutral pH
buffers and called cc soluble o. The « insoluble proteins are either in or

associated with membranes.
The N distribution in forages is modified by processes of conservation. The

plant enzymes cause extensive proteolysis (autolysis) during wilting and/or the
early stages of ensilage (GouET et al., 1965). Peptides and amino acids are the
main end products of proteolysis. They increase the N P N content of hays and
can be fermented by bacterial enzymes in the silo. The extent of proteolysis can
be restricted by rapid acidification or by the addition of formaldehyde. The
extensive breakdown of amino acids and amides to ammonia and undesirable

products (amines...) can be prevented by controlling the growth of Clostridia and
Enterobacteriaceae. High temperature dehydration of freshly cut herbage prevents
proteolysis but overheating can induce Maillard reactions.

Assessment of the protein value of forages

In most countries the protein value of ruminant feeds has long been expressed
as apparently digestible crude protein (DCP). The DCP content of forages can
be predicted very accurately from the crude protein content (CP). For example,
the general equation obtained at Theix on 1 432 fresh forages is :

The contents are expressed as g/kg organic matter (DEMnRQmLLY et al., 1980).
The value of A (from 4 to - 5) depends on the forage species and the cut

number. However, the apparently non-digestible protein can be increased by
overheating in hays and silages and overdrying of dehydrated forages.

Though generally suitable for practical purposes, the DCP content is inade-

quate when grass silages, industrial non-,protein sources or protected proteins are
used. The actual protein value of a feed depends in fact on the amount (and
relative proportion) of the amino acids absorbed in the small intestine, which
originate from three sources : the dietary proteins which have escaped microbial
degradation in the reticulo-rumen, the microbial proteins synthesised in the rumen
and endogenous proteins. Systems based on these principles have recently been
proposed in different countries, for example in the United Kingdom by the
ARC (RoY et al., 1977) and in France by INRA (J.aRRrcE et al., 1978 ; VERiTE et
al., 1979). They require a prediction of both the rumen degradability of feed N
and the microbial protein synthesis in the rumen (see reviews by TnMMrrrcn (1979)
and VERITE (1980)) and knowledge of the digestibility of dietary and microbial
proteins in the small intestine.

Prediction of the N degradability

The undegraded dietary N is assessed indirectly and thus with a limited
accuracy in the N flow entering the duodenum. Large variations between



forages have been found (see data collected by VERITE and PorrcET in JARRIGE et

al., 1978). The three categories of N components which are degraded in the rumen
(fig. 8) are : 1) the NPN components, 2) the proteins soluble in the rumen
fluid and 3) a fraction of the insoluble protein which is more slowly degraded.
The proportions of the two first categories in the forage N can be considered to
depend only on the forage characteristics as shown in table 6 for NPN. The

proportion of the insoluble proteins which are degraded depends in addition on
the environment in the rumen (rate of proteolysis...) and on the retention time in
the rumen. Thus the extent of protein breakdown is reduced by grinding dry
forages and increasing the level of intake.

A variety of solvents has been used to predict N degradability : water,
sodium chloride, diluted alkali, artificial saliva, phosphate buffer, phosphate
bicarbonate buffer, autoclaved rumen fluid... (WALDO, 1978). Only limited compa-
risons of some of these laboratory procedures have been made (CRawFORn et al.,
1978 ; C’ROOKER et ccl., 1978 ; WALDO and GoEHRIrrG, 1979) Classification of
feeds were roughly the same but significant interactions of feed by methods were
observed. Solubility of forage N has been found moderately related (R = 0.55)
to in vivo degradability in the sole comparison available (G.R.I. 1977) and closely
related to N disappearance in a dacron bag suspended in the rumen (CRAWFORD
et al., 1978) or to NH3 production in an in vitro incubation with rumen digesta
(VERITE and DEMARQUILLY, 1978) (fig. 9). The correlations between the solubility
in a mineral buffer (WISE BURROUGHS) and the rumen degradation in the dacron
bag depended on the length of the rumen incubation, being highest at 2 h. for

silages (0.94) and 4 h. for hays (0.88) (CRAWFORD e!t al., 1978).
Mineral buffers similar to artificial salivas can be considered to dissolve the

NPN components and a fraction of the proteins which is closeley related to that



soluble in the rumen fluid (fig. 8). Therefore, they are valuable in predicting the
N degradability in the rumen. However, they cannot be very accurate predictors
because they do not dissolve the fraction of the insoluble protein which is degra-
dable. On the average, this fraction should equal 35 per cent of the insoluble
protein. This value is based on multiple regression calculated by VERITE and
PorrcET relating the non-ammonia N entering the duodenum (ND) to the daily
intakes of digestible organic matter (DOMI) and of insoluble N (INI) (JnRRicE et
al., 1978 - VERITE et al., 1979).

Thus, all the soluble N and 35 per cent of the insoluble N appear to have
been degraded in the rumen :

The relationship has been used in France to calculate the dietary protein
escaping rumen degradation and hence the PDI value of the feedstuff (prot6ines
r6ellement digestibles dans 1’intestin gr6le). Solubility was measured in a mineral
buffer solution similar to saliva. However some values have been corrected when
in disagreement with N degradation occuring in in vitro incubation with rumen

digesta, which is considered as a reference method. Mean values of the N degra-
dability of forages range from 0.50 to 0.70 for green herbage, from 0.45 to 0.60
for hays, dehydrated forages, from 0.60 to 0.80 for silages. It is worth mentionning
that the N content of centrifuged silage juice is very close to the N soluble in
artificial saliva.

Solubility methods using artificial salivas are less reliable than microbial
methods (dacron bag, in vitro incubation) but they are more reproducible and
adapted to routine. In spite of their shortcomings they provide a significant
improvement in predicting the protein value of most feeds and a simple means
of using the new protein systems. The replacement of total N by insoluble N
increases accuracy in predicting the non ammonia N entering the duodenum (VERI-
TE et al., 1979) and of the N retention of growing cattle (WALDO and GOERING,
1979) and of sheep fed grass silages (GRENET et al., unpublished). A reduction in
the forage N solubility has been related to the increase in the aminoacid supply to
the animal obtained through dehydration or the use of silage additives such as
formaldehyde (see review by BEEVER, 1980). Significant increases in milk yield
have been obtained by formulating the diets acccording to the N insolubility of
their ingredients (TanttvnNCn, 1979).

However, there is a need for enzymatic methods which would match the
adaptation to routine of solubility methods with the better relationships to in
vivo degradation supplied by microbial methods.

Prediction of fnicrobial protein synthesis

Once the supply in degradable N (as well as minerals and growth factors)
is not limiting the quantity of protein synthesized by rumen microbes is related
to the supply of available energy. Average values of 27-32 g of microbial N
synthesized per kg of organic matter apparently digested in the rumen have been
calculated from the in vivo data. Average values of 120-135 g of microbial
protein per kg of apparently digestible organic matter ingested (DOMI) have
been used to build the new systems (see VERiTE et al., 1979). Therefore the yield
of microbial protein allowed by the degradable energy of each forage can be
calculated from its digestibility predictors (crude fibre, ADF..., crude protein...).



However, large variations have been found between forages in the yield of
microbial protein per kg DOM (from < 75 g to > 150 g). They partly arise from
differences in the accuracy of measurement methods. But there are certainly actual
differences between forages because of differences in their composition (relative
proportions of water-soluble carbohydrates, cell-wall carbohydrates, soluble nitro-
gen...) and in their rate of degradation in the rumen. These chemical and physical
properties can affect the parameters of the energetic efficiency of the rumen micro-
bial population, that are the rate of growth and the maintenance requirement of
the population, the pH and the dilution rate of the rumen fluid, the degree of coupling
between ATP and NH3 production... (see HESPELL and BRYANT, 1979). It can be

hypothesized that young forages sustaining a dense microbial population, which
has a high growth rate and flows rapidly out of the rumen, are likely to promote
greater efficiency of energy utilisation for microbial protein synthesis.

Conclusions

The tremendous amount of research that has been carried out over the past
15 years, has led to a satisfactory understanding of the major aspects of nitrogen
digestion and metabolism in ruminants. The physiological framework is now

strongly established but much remains to be done to improve our knowledge on
the extent of dietary N degradation in the forestomachs, microbial protein
synthesized or entering the duodenum, true digestibility of dietary and microbial
proteins in the small intestine, endogenous protein and urea secretion and

recycling, requirements of the animals...
Two contrasting positions regarding the application of present knowledge

and the replacement of the DCP system by new systems arise :

- one can stress on the insufficiencies of our knowledge and wait for them to be
overcome before adopting or building new systems ;

- one can stress the importance and potential of present knowledge for an
immediate application and incorporate it into new systems, even if many
values are temporary.

The latter position has been adopted by research groups in different coun-
tries, U.S.A. (BURROUGHS et al., 1975 ; SATTER and ROFFLER, 1975), United
Kingdom (RoY et ccl., 1977), Western Germany (KAUFMANN, 1977), France (JARRIGE
et al., 1978 ; VERITE et al., 1979). In spite of being incomplete at present, the
new systems overcome most of the DCP system shortcomings. For example, the
French PDI system allows : 1°) a better assessment of the potential protein
values of feeds, especially of grass silages ; 2°) a prediction of the associative
effects between feeds ; 3°) an easy calculation of the quantity of urea, or other
forms of non-protein nitrogen that would be useful ; 4°) a prediction of the

response to a supply of protected proteins or amino acids and 5&dquo;) a better nutrition
of the rumen microorganisms.

However, it is fully recognized that in many practical circumstances little
error may be incurred by using the DCP system with proper corrections for
NPN rich feedstuffs and diets.
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