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Summary &mdash; This paper describes a mathematical model for estimating the proportions of proteins
of different origins in mixtures. The method combines a multiple regression analysis and the calculation of the distance of x
. It is validated on mixtures of known composition and is applied to the esti2
mation of proportions of dietary, endogenous and bacterial proteins in preruminant calfs ileal digesta.
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Résumé &mdash; Une nouvelle méthode d’estimation des proportions de différentes protéines dans
mélange à partir des profils d’acides aminés : application aux protéines indigérées chez le
préruminant. Nous décrivons ici une méthode de calcul permettant d’estimer les proportions
de différentes protéines dans un mélange, à l’aide d’un modèle mathématique combinant une régression multiple et un calcul de la distance du x
. La méthode est testée sur des mélanges de com2
position connue. Elle est appliquéeà l’estimation des proportions de protéines alimentaires, endogènes et bactériennes dans les digesta iléaux du veau préruminant.
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INTRODUCTION

gesta can be considered to result from the
specific amino acid profiles of these differ-

Digesta of the terminal ileum contains a
mixture of proteins of exogenous (dietary),
endogenous (exported from the animal itself) and bacterial (sacrophytic flora of the
host digestive tract) origin. Therefore, the
overall amino acid composition of the di-

ent sources. Estimates of the
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proportions

of these 3 protein components will give an
indication of the extent of digestion of the
dietary protein, as well as of the interaction
between the diet and digestive processes
in the alimentary tract.

Attempts to determine the origin of protein in digesta can be based on the examination of proportions of some characteristic amino acids (Verite et al, 1977).
However, this method is inaccurate and it
appears to be more interesting to take into
account the full spectrum of amino acids
as proposed by Evans et al (1975), Patureau-Mirand et al (1977) and Guilloteau et
al (1983). The aim of this work was to improve the previous procedures by devising
a mathematical model which establishes in
what theoretical proportions reference proteins (ie dietary, endogenous and bacterial) should be mixed to produce the overall
amino acid composition the most similar to
that found in composite digesta. In addition, the method quantifies the differences
between the calculated and the actual amino acid compositions in order to assess
the validity of the model.
MATHEMATICAL MODEL
The method described herein for obtaining
the &dquo;best fit&dquo; mixture is based on simple
rules for the determination of compositions
of mixtures, associated with a calculation
which allows 2 proteins to be compared
taking into account all the differences between their amino acid compositions (distance of X
) (Guilloteau et al, 1983). The
2
mathematical procedure is mainly a multiple regression analysis which minimizes
the residual sum of squares (Williams,
1959). It is performed using a computer
able to store the whole collection of amino
acid compositions of reference proteins.

Equations used in the model
Let

o be the protein mixture contained in
P
digesta of known amino acid composition. Let P
,P
i
,
2
P, be a collection of n
a

...,

reference proteins, each of them having a
characteristic amino acid composition. The
o mixture of n reference proteins can be
P
considered to consist of a fraction (a,) of
the protein P 1, a fraction (a
) of the protein
2
and
so
on
to
a
fraction
up
(a!) of the
,
2
P

protein P!.
Thus,

If this equation is valid for the protein
it should also be valid for each amino
acid (AA
) of the protein.
i

,
o
P

Therefore we obtain:

where i 1 to 17 (number of amino acids
used in this method), n is the number of
proteins in the mixture (maximally 17) and
AA the percentage of amino acids (the
data are usually expressed as grams of
amino acids per 100 g of assayed amino
=

acids).
We obtain i equations with n independent variables, equations which are solvable through a multiple regression analysis found in most computer packages and
which will supply values for the coefficients
. a
1
a
, ..., an and also statistical informa2
tion about their significance by means of a
ttest. In this particular case the mathematical model set up by the multiple regression, which usually involves a constant a
,
o
must be constrained through the origin
since a constant different from zero does
not have any biological significance.
The computer calculation is based on
the minimization of the residual sum of
squares:

where AA;,!is the percentage of the amino
acid number i in the sum of the amino
acids assayed in the digesta and where
k is the percentage of the amino acid
AA;,
number i in the fitted mixture. The computer will calculate the coefficients a
, a
i
,
2
an corresponding to the minimal value for
the residual sum of squares. These coefficients will verify the following equations:
...,

equation 4 by minimizing the distance of x
. However, this method does
2
not provide any statistical test for the sigof the

nificance of the coefficients. Therefore, the
2 methods described in this paper (the distance of X
2 and the multiple regression)
have been combined.

If it is assumed that the fit is satisfactory
(ie that it is possible to find a collection of
reference proteins which will give, when
mixed, an amino acid composition similar
to that of the digesta), then the following
approximation can be made:
The distance of X
2 then becomes:

Methods based on multiple regression
analysis have been used by several researchers, for example Evans et al (1975),
Lindqvist et al (1975), Cottle and Nolan
(1982) and Cockburn and Williams (1984);
nevertheless they have the disadvantage
of giving the most influence to the amino
acids whose percentages are the highest
(for example the glutamic acid in a soyabean meal (Guilloteau ef al, 1986)).
It is therefore necessary to give the
weight to each amino acid in the profile. For this purpose, let us consider another method described by Guilloteau et al
(1983) and which minimizes the distance
same

.
2
x
of

This formula, apart from the factor 17, is
the formula of a residual sum of squares;

Moreover,

The abbreviations are the same as the
residual sum of squares (3).
A computer programme using an iterative procedure could be developed for the
calculation of the coefficients a
1’ a
, ---, an
2

which becomes, with

equation 4:

Moreover, only the estimated proportion of
pea flour in mixture 1 (0.08) was not statistically significant (P > 0.05). A further test

made on a known mixture of soyabean meal, casein and pea flour. Applying
the amino acid compositions of the 3 products and that of the mixture to the model
formulas again gave calculated proportions
similar to actual proportions (table 111). The
summary statistics indicated a close fit with
a coefficient of 0.98 and that only the value
for pea flour (0.14) was not significant.
Differences between real and calculated
compositions are probably due to sampling
and analytical errors as well as to similarities between products (for example between soyabean meal and pea flour in the
last mixture), but overall, the derived compositions are close to reality, showing that
the method is valid. It is of interest to note
that the proportion of a component close to
0.1 is usually statistically unsignificant,
supporting the fact that it is unnecessary to
include too many variables in the calculated mixture.
was

Therefore we obtaini equations with n
variables. These equations are solvable

through a multiple regression analysis
minimizing the residual sum of squares:

However, instead of using reference
as in the method for the calculation of AA
k each amino acid value for the
,
i
reference proteins is divided by the square
root of the corresponding amino acid in the
digesta to be analysed. The calculation involves B
j instead of AA;,!. The advantages
,
i
of this method are first of all to give the
same weight to each amino acid of the
profile and secondly to provide t values for
the coefficients in order to perform statistical tests.

proteins

To examine the value and validity of the
we also took some examples from
our experimental results and from the
literature. Table IV shows the amino acid
composition of the digesta obtained in
skim-milk-fed calves (Guilloteau et al,
1980) together with amino acid composition of dietary protein, of pig fecal bacteria
(Mason et al, 1976) used to represent the
amino acid composition of intestinal bacteria protein and of germ-free milk-fed lamb
feces (Combe, 1976) used to represent the
amino acid composition of the undigested
endogenous protein since the true digestibility of milk protein is considered to be
complete (Roy et al, 1970). The data in table IV were used in the formulas of the
present method. The proportions of the 3
reference proteins which gave the &dquo;best fit&dquo;
with the actual amino acid profile of the
diet based on skim-milk were found to be

method,

Examples
To test the validity of the model, 2 mixtures of proteins from 3 different sources
were prepared. These sources were a
sample of rumen bacteria, a pea flour and
a calf milk substitute powder. The amino
acid compositions of the mixtures and of
each of the products were determined as
described by Guilloteau et al (1986) (table
I). Estimates of the proportions of these
protein products were then calculated
using the formulas in the model and were
compared to the actual values. Results
given in table II showed close agreement
between the calculated and actual proportions of protein products in the experimental mixtures (the &dquo;fit&dquo; coefficient was 0.92).

0.17, 0.69 and 0.13 respectively. The

sum-

mary statistics given in table V show that
the amino acid composition of the theoretical mixture gives a close fit (coefficient of
determination of 0.84) but that only the
percentage of endogenous protein is statistically significant. From these results we
can conclude that the digestion of milk protein in the small intestine is almost complete since the protein of ileal digesta is
mainly of endogenous origin. Furthermore,
the relative values for the mixture of reference proteins obtained using the model
formulas were similar to estimates of 0.16,
0.71 and 0.13 for dietary, endogenous and
bacterial proteins previously obtained using the method based on calculations of
the minimum distance of x
2 (Guilloteau et

al, 1980).

Instead of using feces of germ-free
lambs for endogenous protein, estimates
could be based on mean values of amino
acid compositions of feces of germ-free
lambs and calf’s meconium (Grongnet et
al, 1981).Likewise, values for intestinal
bacteria could be derived from mean
values of amino acid compositions of bacteria isolated from pig faeces and bacteria
isolated from sheep feces (Mason, 1979).
Using these mean values in the model
gave estimates of 0.18, 0.77 and 0.04 for
the proportions of dietary, endogenous and
bacterial proteins respectively. Although
this substitution did not alter the &dquo;fit&dquo; coefficient (this remained at 0.84), statistical
significance was assigned to the proportions of both dietary and endogenous protein fractions.

DISCUSSION
Since feed, microbial or endogenous residues cannot readily be isolated from digesta, their amino acid profiles must be either
directly assayed or taken from the literature to create a bank of reference proteins.
For example, for the amino acid composition of bacteria it is possible to use that of
bacteria isolated from the feces of pig (Maet al, 1976) or sheep (Mason, 1979).
Similarly, the amino acid composition of
undigested endogenous protein can be derived from that of calf meconium (Grongnet
et al, 1981) or feces of germ-free milk-fed
lambs (Combe, 1976). Thus, the amin acid
son

profile of digesta can be assembled from
the amino acid compositions of reference
proteins which approximate to those
present in contents of the gut lumen. Usually 3 or 4 proteins can provide a satisfactory representation of the actual amino
acid profile of digesta, especially if several
of the proteins are present in small
amounts in digesta and therefore are likely
to be unsignificant. However, the precision
of the proposed computerized method will
be limited by the accuracy of the amino
acid analysis of the reference proteins included in the model. Furthermore, proteins
from different sources may have similar
profiles and therefore need to be selected

according to their likely representation of
those in digesta.
The confidence that can be attached to
any particular solution can be partially determined from the summary statistics ie
the accountable variance or the coefficient
of determination R
. If the value of this co2
efficient is high (! 0.70), it indicates that
the estimation is good. If the value is low,
it could show that 1 or many reference proteins have either been uncorrectly chosen
or have been partially modified by the digestive process. However, because of the
fact that the regression is constrained to
pass through the origin, the summary statistics as well as the degrees of freedom
used in the t tests performed on the coeffi-i-

cient values are controversial (Gordon,
1981). For this reason we have decided to
use the number of observations (up to 17)
minus the number of reference proteins for
the degrees of freedom of the residual sum
of squares and the number of observations
minus 1 for the degrees of freedom of the
total sum of squares. Using this method, a
negative coefficient might be obtained, but
it then indicates that a reference protein
has been uncorrectly included in the model
and needs to be removed or substituted. In
an ideal case the sum of the coefficients
should be unity, but due to analytical errors
and assumptions in the hypothesis, this is

almost never exactly the case. Nonetheless, the obtained values should be a close

approximation.

CONCLUSION
The model formulas described in this
paper permit estimation of the most probable composition of the protein mixture
present in a digesta, and provide an assessment of the extent of digestion by estimating the proportions of different protein
components of dietary, endogenous and
microbial origin. In comparison with previous methods (Evans et al, 1975), the
present model has the advantage of giving
the same weight to each amino acid and
can be easily executed with the aid of computer programs for multiple regression
analysis. Furthermore, the result is supported by statistical analysis which can be
useful to test the validity of the fit and the
significance of the calculated proportions
in the mixture. However, the confidence
that can be attached to any particular solution, and therefore the quality of the interpretation, depends on the precision of
analysis of the amino acid profiles of individual reference proteins included in the
model and on the extent to which these
profiles are likely to be representative of
the components of the digesta. Also, as far
as digesta are concerned, one must bear
in mind that the dietary protein escaping digestion into the small intestine can be
some particular fractions of which amino
acid compositions are very different from
that of the whole dietary protein (Guilloteau

et al, 1980).
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