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PROTEI N EVALUATI ON - AN ALTERNATI VE APPROACH
J.L. BLACK* and G J. FAI CHNEY*
| NTRODUCTI ON

A system which is suitable for evaluating protein requirenents or
the efficiency of utilization of protein in animls nust consider
(1) the requirements of the animal's tissues for nitrogenous substances,
(ii) the anmount andnature of nitrogen absorbed in relation to the
intake and composition of the diet and (iii) the'efficiency with which
absorbed nitrogen is used for various body. functions. The system must
al so include aspects of energy utilization because both the tissue needs
for nitrogen and, in rumnants, microbial activity in the rumen(hence
ni trogen absorption) are affected by energy availability. Several
systens, varying in conplexity, have recently' been proposed for
evaluating protein utilization in rumnants (Burroughs etal. 1975;
Satter and Roffler 1977; -Jarrigeetal. 1978; C.A.B. 1980; Corbett
1980) . The suitability of each for solving agricultural problens
depends upon the details of the particular problemto be investigated.

The primary purpose of the European systens is to fornulate
rations to achieve specified rates of production in hand-fed stock.
These systens are based on descriptions of the observed outcone of
experinments conducted in situations simlar to those in which they are
to be applied in practice. Al t hough they describe the outcone of'
processes operating within the animal, they represent these as fixed
factors and cannot account for the wide variation known to occur.
However, they are relatively sinple and can be applied satisfactorily to
probl ens which are within the range of experinental observations.
These systens are generally unsuitable for the extensive conditions of
ruminant production in Australia. Here, aninal performance depends on
a conpl ex interaction between the animal, pasture and weather, in
conditions often well outside the range of experiments upon which the
European systens are based. In addition, the problems to which a
-protein eval uation system woul d be applied in Australia are generally
not associated with forrmulating rations to achieve chosen rates of

product i on. Rather they are concerned with identifying limtations to
production from pasture and predicting |ikely benefits from various
managenment strategies, including hand-feeding. We believe that a nore

conpl ex system which attenpts to predict the outcome of protein
utilization froma know edge of the processes operating in the animal,

is essential if the wider needs of Australian agriculture are to be met.
Wth the advent of conputers, alnpbst any degree of conplexity can now be
incorporated into a system without hindering its use by people in

i ndustry. Current concepts of protein utilization in rumnants have
been incorporated into conputer prograns (G aham etal.1976; Bl ack
et.al. 1980-81) and this approach has been reconmended as an appropriate
basis for protein evaluation in the current developnent of nationally
uniform feeding standards for livestock in Australia (Corbett 1980).
This paper describes 'the way in which the processes influencing the
utilization of energy and protein in the body tissue of sheep and
determ ning rumen function and the flow of nitrogenous materials from
the stomach can be integrated to develop a dynamc protein evaluation
system

*C.S.1.R O, Division of Animal Production, p.0. Box 239, Bl acktown,
N.S. W, 2148.
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COVPONENTS oF A PROTEIN EVALUATION SYSTEM

Tissue requirenments for nitrogen

Animal tissues have a requirement for nitrogen which varies with
body weight, energy intake, physiological state and genotype. Part of
this requirement nmust be .supplied by each essential amino acid, but the
rest can, in general, be supplied from any nitrogen source. Wth the
raromatic ami no acids, tyrosine and phenylal anine, and the sul phur
containing am no acids, cystine and net hi onine, a ninimm amount of the
total nitrogen must be supplied by the pair, with a certain proportion
com ng from each respective essential amno acid. The total amount of
nitrogen required by the tissues and the proportion which nust cone from
each essential anino acid, depends upon the amounts of specific proteins
synthesized in the particular conditions to which.the animal i s exposed.
The first step therefore is to calculate the total anount of nitrogen
required for each body function

Met abol i zabl e energy available to an animal is deternmined from
information about the intake and conposition of the diet. The growth
of conceptus and udder, and the production of wool and mlk that can be
sustai ned by the intake of netabolizable energy given the particul ar
physi ol ogi cal state and genotype of the animal is then cal cul ated.

The total nitrogen required for each product is then derived from
informati on about the respective protein content. The deposition of
nitrogen in the remaining body tissues is also calculated in relation to
the intake of netabolizable energy and the breed and sex of aninal
Endogenous nitrogen losses in urine, faeces and scurf are then added to
the amount required for the other body functions to provide an estimate
of total nitrogen requirenent.

‘ The methods used to cal cul ate nitrogen requirenment of the animal's
tissues vary little from those described by the Agricultural Research
Council (a.R.C.) (C.A.B. 1980), except that the ampunt of each product
formed is not assunmed, but is established in relation to the intake of

met abol i zabl e energy, physiological state and-genotype of the particular
ani mal . In contrast to the AR C system the body conposition of the
animal varies with energy intake (Black 1974) as well as with genotype
because of the form of the relationship betweennitrogen deposition and
net abol i zabl e energy intake (Black and Giffiths 1975).

Nitrogenous conpounds absor bed

Due to microbial activity in the rumen, the amount and quality of
protein available to the rumnant for digestion and absorption nay bear

little relation to that eaten. The amount of protein flowing from the
stomach depends upon the extent to which dietary protein is degraded in
the yumen and on the growth and outfl ow of m cro-organisms. These

factors are highly variable and interdependent because of the conplex
interactions that occur in the rumen. Accordingly, it is necessary in
many situations to consider the determnants of rumen function. The
proposed system thereforeincludes a dynanmic representation of the major
processes occurring in the rumen as outlined in Fig. 1.

The anount of dietary material which escapes the rumen intact
depends upon the relative rates of two conpeting processes; degradation
and flow fromthe rumen. The rate of degradation is governed mainly by
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characteristics of each dietary constituent. Al though there is
variation within each class, soluble carbohydrates are degraded about 30
times faster than storage carbohydrates which, in turn, are degraded
alnost 5 tines faster than structural carbohydrates. The rate of
degradation is also influenced by the nunber and type of nicrobes present
in the rumen. Wth structural carbohydrates and sone proteins, a
portion of the nmaterial may never be degraded, even after prol onged
retention in the rumen. It is classed as undegradable and can only be
removed by passage to the |ower gut. The rate of flow of material from
the rumen is affected by feed intake, factors which influence the size
of particles in the rumen, osnolarity'of rumen contents, physiol ogical
state and weight of the animal and cold exposure (Faichney and Bl ack

1979). Gowh of nicro-organisns in the rumen depends primarily on the
availability of energy, in the formof ATP, which is governed by the
amount and type of substrate degraded. Mcrobial growth may be also

limted by the lack of ammonia, specific amno acids or sul phur.

f PROTEIN INORG.S ! BHEX PROTEIN LIPID ASH
SALIVA  \py DIET  AHEX . NPN INORG.S
COMPOSITION COMPOSITION 561" Cro
R A SALIVA [© - DL ------------- ~© Intake
FLOW |- -~© Eating and
ruminating time

rBHEX AHEX SOL.CHO  PROTEIN NPN  LIPIDS  ASH INORG.S]

1

uln ----- et t—-© Potential
1 L degradability
| UNDEGRADABLE DEGRADABLE
1 ACCUMULATED
> IT ““““ === Degradation rates
UNDEGRADED Ls ot pndnindy ~==© Degradation of
RETICULO P T microbes
RUMEN ATP L-e Requirements for
MAINTENA.NCE; - HEXOSE microbial maintenance
-AMINO ACID
A MICROBIAL | NH3
MASS |f=mmmm——— - H2S -
PROTEIN |{¢/GROWTH - LIPID
NUC. ACID 1 -
CHO H YEA
i ' Co2 .
LIPID H CH,, -> :-6 Requirements for
ASH lL 1 microbial growth
--------------- ™ - o
R e Uik '+ “““ St ittty ~ == © Fractional
i outflow rates
| ' .
DIGESTA MICROBIAL ¢ CARBOHYDRATE, PROTEIN, NUCLEIC ACID, LIPID, ASH
FLOW UNDEGRADED ¢ B-HEXOSE, A-HEXOSE, SOLUBLE CARBOHYDRATE, PROTEIN, LIPID

| UNDEGRADABLE ¢ B-HEXOSE, PROTEIN

Fig. 1 Flowdiagramto illustrate the determ nants of rumen function
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To calculate protein flow from the stomach, information is
required on feed intake, on chemical conposition of the diet in terms of
structural, storage and soluble carbohydrate, true protein, non-protein
nitrogen, lipids, soluble ash and inorganic sul phur, and on the potential

" degradability of structural carbohydrate and true protein.' The inflow
of protein, non-protein nitrogen and inorganic sul phur from saliva or
across the rumen wall is then calculated and the ambunts of all '
substrates ‘entering the rumen which are broken down, flow from or
accunul ate in the rumen are detern ned. From the stoichiometry of the
degradation of each substrate, the potential production of ATP is
cal culated and conpared with that required to maintain the existing
m crobial popul ation. If the potentially available ATP is insufficient
for this purpose, a portion of the microbial population is degraded.
Conversely, if the calculated ATP supply exceeds the requirenents for
mai nt enance, microbial growh can occur and some of the degraded
substrates are incorporated directly into mcrobial protoplasm The
possibility of mcrobial growth being linmted by availability of amno
acids, ammonia, total nitrogen or sul phur is tested, and predicted
mcrobial growh determned by the nost limiting nutrient., Changes in
the mcrobial mass present in the rumen are calculated from the
difference between new growh and that portion of both the initial mass

and the- newy grown nicrobes flowing fromthe rumen. Finally, vra and
me' thane production are calculated, using stoichionetric equations, from
the amount of each substrate actually fermented. The yield of mcrobial

mass per unit of ATP is assessed and the flows of mcrobial protein,

dietary protein, non-amonia nitrogen and other dietary and microbial
components from the rumen are cal cul ated.

This calculation of protein flow from the stomach differs
considerably fromthe A R C approach, although both enconpass the same
ar ea. The A.R.C. uses a static representation of rumen function in
whi ch the outcome of several successive processesaredescribed by
constant factors. Mbost of these factors vary w dely (Faichney et al.
1980) and inaccuracies can arise particularly through the use of constant
val ues for the ambunt of protein fromeach dietary source degraded in the
rumen, the availability of energy for microbial growth expressed as a
fixed proportion of organic matter digestion occurring in the rumen and
a fixed value for the anpunt of mcrobial growh per unit of organic
matter digested in the rumen. The degree to which errors are introduced
by these assunptions depends upon the particular situation being
investigated. Likewise, there are times when the dynanic representation
of rumen function is unnecessarily conplex. This applies particularly
when conputer programs are used to investigate managenent options -
affected primarily by the energy status of the animal as, for exanple,
in determining the influence of shearing or |anmbing dates on pasture
requirenents (Black and Bottomley 1980). Therefore, the enpirical
equation of Hogan and Weston (1981), which relates the flow of non-ammonia
nitrogen fromthe stomach to the intake of nitrogen and digestible
organic matter, is available as an option in the conputer program.

The digestibility of true protein flowing fromthe stonmach

currently is assumed to be 0.7. Li ke the A.R.C. system, this is an
average single factor describing the outcome of the digestion process
whi ch can be highly variable. Because the proposed system separates

protein flow into that derived from nicrobes, from potentially degradable
dietary protein which was not degraded, and from undegradable protein,
it has the capacity to calculate a range in protein digestibility if
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satisfactory ways of estimating the digestibility of each conponent can
be devel oped. Nitrogen released during involution of the uterus and
udder is added to that absorbed to obtain an estimate of total nitrogen
avail able for metabolism

Utilization of absorbed am no acids

Unless there is a perfect match between the relative proportions
of essential amno acids available to an animal and those required for
all body functions, available nitrogen will be used with an efficiency
| ess than 1.0. In the original conputer program (Graham et al. 1976), .
the efficiency of utilization of amno acid nitrogen (Biological Value,
BV) was assuned to be 0.72 for mlk fed lanbs and 0.7 for rumnating

ani mal s. However, BV of absorbed nitrogen can vary substantially
depending upon the proteins synthesized and the relative proportions of
am no aci ds absor bed. For exanple, the BV of cows nmilk protein when

given to young |anbs receiving an energy intake about 3 tines maintenance
was 0.72 (Black and Griffiths 1975), but when simlar diets were given
by abomasal infusion to adult sheep at a maintenance |evel of energy,
the BV of absorbed protein was found to be 0.45 (Black etal. 1973).
Thus, if the purpose of a protein evaluation systemis to fornmulate diets
which are adequate in protein, the use of a |ow, constant BV could be
justified, accepting that in some situations, animals would be absorbing
excess protein. Alternatively, if the systemis to be used to assess
whether the protein available to an animal is likely to be liniting and,
if so, to determine the relative deleterious effect on each body
function, the BV used is critical (Black and Col ebrook 1976).

Bi ol ogical value is the neasured outcome of protein utilization
within an animal. Therefore, when developing a protein evaluation
system which will have general applicability, it may be desirable to
estimate BV fromits determ nants rather than use a single factor.  An
approxi mation of BV can be obtained by comparing the nolar proportion of
each avail abl e essential anmino acid with the sumof that required for

the net synthesis of all proteins. The smallest ratio of the available
mole fraction to the required nole fraction defines the amount of protein
that can be manufactured from one mole of available protein. An
estimate of BV can then be nade from information about the nitrogen
content of the available and synthesized proteins. . Values obtained by
this procedure for sheep absorbing am no acids fromvarious protein
sources and synthesizing differing amounts of animal proteins are given

in Table 1. For these calculations all essential amno acids, except
tryptophan, were considered separately' as well as the conbinations of
tyrosi ne- phenyl al ani ne and cystine-methionine. Few measurenents of the
tryptophan content of proteins are available. When various conbinations

of proteins synthesized were considered, endogenous nitrogen |oss was
assuned to have the same amino acid conposition as nuscle.

The estimated BV of available protein varied widely both with its
source and with the nature of the proteins synthesized. The range of
conbi nations of synthesized protein given in Table 1 is probably close
to the extremes observed in practice. Wien wool synthesis was a ngjor
part of the proteins manufactured, BV was. low. However, when nuscle or
mlk synthesis were high, the estimated range in BV was substantially
reduced. Neverthel ess, these anal yses suggest that adoption of a single
value for the efficiency of utilization of absorbed amino acids will
cause substantial errors in prediction.
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TABLE 1  Estimates of the Biological Value of absorbed amino acid
nitrogen obtained from conparisons of the mole fractions of
essential amino acids in absorbed and synthesized proteins.

Source and absorbed protein

i N o}
Prqtelps - Microbiala:ryegrassb Barley—soybeanc Cow's milk
synthesized 5> . 1 )
Single product
Ewe's milkP 0.80 (Leu) 0.80 (Leu) 0.91 (val)
Muscled 0.82 (Cys) 0.76 (Lys) 0.84 (Cys)
Wool® 0.35 (Cys) 0.32 (Cys) 0.23 (Cys)
Multiple products
cag Body N +
: : Wool N
Milk N Endogenous N oo
0:1 :1 0.50 (Cys) 0.34 (Cys) 0.36 (Cys)
0:2.5:1 0.67 (Cys) 0.46 (Cys) 0.47 (Cys)
0:4 :1 0.77 (Cys) 0.53 (Cys) 0.54 (Cys)
0 : 8 : 1 0.82 (Lys) 0.63 (Cys) 0.65 (Cys)
4 : 1 : 1 0.88 (Leu) 0.62 (Cys) 0.64 (Cys)
6 : 2 : 1 0.86 (Leu) 0.70 (Cys) 0.72 (Cys)
10 : 1 1 0.82 (Leu) 0.77 (Cys) 0.79 (Cys)
10 : 2.5 : 1 0.84 (Leu) 0.78 (Cys) 0.80 (Cys)
The limiting amino acid is indicated in parenthesis : cys is the cystine-
methionine pair.
: b
@ purser and Beuchler (1966); F.A.0. (1270);
© Paichney and White (1979), diet 2U; © Munro and Fleck (1969);

Marshall .and Gillespie (1977).

Simul ati on of the experinent of Black etal. (1973), i n which
cow's mlk proteins were infused into the abomasum of adult sheep,
produced an estimated BV by the procedure outlined above of 0.48, which
is simlar to that observed (0.45). Distribution of the limting amino
acid (cystine + nethionine) between conpeting body processes by direct

proportionality in relation to total demand and supply, produced a
predicted increase of 0.13 g nitrogen in wool for each g of milk nitrogen
absor bed. This is the sane as the value obtained froma series of

experiments (Hogan et al. 1979) and suggests that the procedure may

satisfactorily predict the synthesis of various proteins when amno acid
supply is limting.

These analyses indicate that, in a protein evaluation system an
option to vary BV in relation to the relative supply and requirenent of
essential amino acids should be included. The A.R.C. currently adopts

a constant value of 0.75 for the efficiency of utilization of absorbed
amino acid nitrogen.

Integration to predict aninal performance

After estimating the amount of protein synthesized in each body
function, the rates of growth or production of conceptus, udder, wool
and m |k are reduccd, when necessary, in proportion to the respective
deficits by assuming that the conposition of the products is unaltered.
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Al |l owances are made then for energy expenditure associated with animal
activity and cold exposure so that finally tissue energy bal ance is
cal cul ated and expressed as a gain or |loss in body fat. Thus, the
system cal cul ates the production of mlk and wool, the growth of
conceptus and birthweight of lanbs, gain in enpty body weight and change
in body conposition. Because the system is incorporated into a conputer
program it is possible to increnment ani mal parameters daily so that
consequences. of change in body weight or physiological state of the
animal, in the composition or type of diet and in the weather can be

foll owed readily through tine.

APPLI CATION OF THE SYSTEM

' The system outlined considers sinultaneously the effects of
dietary, animal and environnental factors on both rumen function and
nutrient utilization within the animal. It has the potential to be used
either to formulate rations to nmeet selected production goals, or to
predi ct whether amino acids, non-protein nitrogen or inorganic. sulphur
are limting mcrobial growh in the rumen and whether amino acid avail-
ability is limting animal performance. The. extent to which various
productive functions are reduced can be estimated. Beever et al. (1980-
81) denonstrated the ability of the program representing rumen function
to predict the effects of variation in the supply of non-protein nitrogen
or inorgani c sul phuron mcrobial growh and the flow of total protein

fromthe rumen. Fol I owi ng i ncorporation of this representation of rumen
function into the whole sheep program the recycling of nitrogen to the
rumen across the rumen wall as well as in saliva has been included. In

addition, the progranms have been used to identify situations where amno
acid absorption may linit animal performance (Bl ack et al. 1976).

Because the conputer programs integrate both energy and protein
utilization in sheep, they are not restricted to evaluating just the protein

status of the animal. They can al so be used to look at the inplications
of wi der management problens such as the effect on pasture requirenents
of changing shearing or lanbing times (Black and Bottom ey 1980). In

addition, since the current program considers both the potential energy
demand of an animal and the factors which affect the accunul ation of
digesta in the rumen, it has the potential to predict voluntary feed
consunption when nore is known about the determinants of the upper linit
to rumen digesta |load (Black et al. 1981).

Lack of information about the chemical conposition and digestion
characteristics of animal feedstuffs currently hinders the w despread

application. of the program Few estimtes have been nmade of potential’
degradability or rate of degradation of structural carbohydrates in the
plant materials selected by aninals. There is a dearth of information

about the potential degradability within the rumen of dietary proteins

O the 1,600 feedstuffs on file in the Australian Feeds Information
"Centre, only 20.4% have recordings for cell wall constituents., 9.5% for
sol ubl e carbohydrate," 0.7% for starch and in only 1% of the feedstuffs is
nitrogen separated into protein and non-protein nitrogen (Leche and

G oenendyk 1978). There is also limted information on the amno acid
conposition of feedstuffs and either the availability or accuracy of
estimates for tryptophan and cystine seriously linmt the value of these
dat a. In addition, the predicted outcone of rumen function is highly
sensitive to the values used for the fractional outflow rates of water
mcrobial and dietary constituents. The determnants of these rates are
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not well understood, but techniques are now available for neasuring them
(Fai chney 1980).

The approach described provides a framework on which a practical
and flexible system of protein evaluation for ruminants can be con-
structed. Although its application is currently limted by an in-
adequate description of feedstuffs, considerable effort is being made to'
obtain this informtion. The system is |less constrained than others by
enpirical equations and therefore is better able to cope with the
extremes of Australian aninal production.
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