Protein nutrition, requirements and dietary supply.
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Energy-Protein Interrelationships

Although these details are focused on Protein Ssuiar the Animal Feed Industry the utilisatiordgdtary proteins must
be put in the context of the available energy supginergy is the main driving force of metabolisthenergy is limiting
dietary protein will be used inefficiently as anettsource of energy instead of being convertedbotdy protein.

Figure 1a. Relationship between increasing prateake of constant amino acid composition and pnadeposition in the

120

100 T

60 - /,,_/’ —e—o Fig 1.a.
40 - /

20

Protein deposition in
eviscerated carcass (g/day)

0
0 50 100 150 200 250 300 350 400

Protein intake (g/day)

® | ow feed M Moderate feed 4 High feed

carcass of pigs between 20 and 45 kg live weidhie same feeds were fed at three fixed levelsedfife, low, moderate
and high. Data from Campbell et al 1985.

Figure 1a shows the response of growing pigs gilrets in which the amount of protein, with a cons&@mino acid
profile, was varied while maintaining a constangrgly supply by replacing starch with protein. tidigion, the diets were
given at three levels of feeding which increasetth hoe protein and energy supply in a fixed rafiocreasing protein from
low and limiting levels at constant energy increbgetein deposition in the carcase until energytti the response.
Giving more feed increased the energy supply aogvat the response to dietary protein to contimid the new energy
level again becomes limiting. This will repeatiltite genetic potential of the animal or some oflaetor limits further

protein accretion.
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Figure 1b. Relationship between increasing pratgake of constant amino acid composition and &gdasition in the
carcass of pigs between 20 and 45 kg live weidhie same feeds were fed at three fixed levelsedfifeg, low, moderate
and high. Data from Campbell et al 1985.

Increasing the protein level also reduced the égidition in the carcass, indicating less net gnevgn though
metabolisable energy (ME) was maintained consteigufe 1b).

In Figure 2a, pig diets supplied a constant amo@iptotein with an increased ME intake by feedintra starch.

Figure 2a. Effect of increasing energy by addirgctt to a constant protein at three levels of pndtgake on protein
retention of male pigs over 6 weeks from 12 kg ixatght. Data from Kyriazakis & Emmans (1992).

This was repeated with three levels of protein, Imgdium and high. At the low and medium levelpmitein, providing
extra energy had very little effect in increasingdiention. Protein supply was the limiting fachmd an increase in protein
supply increased protein deposition. At the higlel of protein additional energy gave a markedease in protein
deposition.
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Figure 2b. Effect of increasing energy by addiragadt to a constant protein at three levels of mdateake on protein
retention per unit protein intake of male pigs o&eveeks from 12 kg live weight. Data from Kyrikiza& Emmans
(1992).

The low protein deposition at high protein but lemergy indicates energy was the limiting factor #rad the excess
protein was used with less efficiency and provisd net energy. When the data is scaled by tteiprintake, the
efficiency of use of the diet N for N retentionseen to increase with the energy to protein ratibié diet (Figure 2b). A
high energy:protein ratio is needed to make thet mificient use of the dietary protein.
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Figure 3. Theoretical relationship of whole bodgtpm gain and digestible energy intake in pigefi®to 150 kg body
weight when fed diets with adequate protein. (NF@8).

Figure 3 is a theoretical model of the responsn&rgy in the presence of adequate protein forgfigédferent weights
presented by National Research Council (1998). rékgonse is linear up to the maximum potentiaigimadeposition and
then reaches a plateau. The maximum potentia¢iprdeposition increases to a maximum at aboutrppbed then
decreases as maturity is approached. Figure 4msmates the change in maximum potential proteposiéon for
different sexes of improved European pig breeds.
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Figure 4. Prediction of the maximum rate of pnoteitention male, female and castrate pigs of gmamed breed type at
different stages of growth from Rx = B,.Pt.In(A/Pt) where Bp is the growth coefficient for protemass, Pt is protein
mass at different growth stages, i&the mature protein mass. The independentsisbghown as liveweight, calculated as
six times protein mass. Equation from Whittemdral €2001).

Dietary protein is not used efficiently as a sowstenergy. Although the gross energy of proteigrieater than that of
carbohydrate (23.6 kJ/g v 17.4 kJ/g for starch)ervprotein is used as an energy source the N Haseacreted as
ammonia (fish), urea (mammals) or uric acid (birdEhe ME value of protein at zero N retention &ak#o account the
loss of energy in the excreta such that the MErofgin and carbohydrate are approximately similar.



The ME value for mammals and birds, however, dagdake into account the energy costs of synthesisiea or uric acid
and cost of excretion in the kidney. Net energi)Nf the diet represents the useful energy useétiace the losses of
maintenance and the net deposition of energy adiesue in growth or milk secretion during lactat@fter subtracting the
heat losses of metabolism. For the pig Noblettdadry (1991) reported NE/ME ratios of 0.50, 1.@10and 0.76 when
ME was derived from protein, fat, fibre and carbdtate, respectively; but such efficiency valuesanly indicative values
for some given combination of energy use for maiatee, protein deposition and lipid depositionvétheless, the net
energy value for protein is less than that of chyloate and fat and when dietary protein is exchdrigr carbohydrate at
equal ME the net energy decreases, protein depositay be increased but fat deposition is decreased

The protein requirements of animals are in termsnodmount of protein and their constituent amicidsaper unit of time -
usually the amount to be fed each day. Howevex vdlue continually changes as the animal growss siot convenient to
use (see Figure 4). Instead we express proteunregnents in terms of protein concentration ofdret, usually as g/kg diet
as fed. Since most animals eat to meet their gmegirements an alternative method of expregsintein needs is in
relation to the energy concentration as g/MJ of dFusing 17 kJ ME/g protein, as protein energyl¥%s & g CP/MJ ME).
Typical protein contents of diets, expressed is¢hthree ways, for various livestock classes avesshin Table 1. In these
terms young growing animals have greater requirésrfen protein than older animals. As the aninralgs more energy is
needed for maintenance of the bigger body andppat an increasing proportion of fat depositionthiea body. Thus the
protein % of the diet and protein:energy ratio ohesd. In addition, voluntary intake increaseshsoihcreased amount of
protein required to meet the increased daily pnoteied can be accommodated within a lower protaicentration in the
diet.

Table 1. Typical dietary crude protein and metatadile energy concentrations (/kg air dry feed)diathry protein
expressed relative to energy (g/MJ ME and as praeergy %)

CP ME CP Protein energy
a/kg MJ/kg g/MJ %
PIG
Starter 3 week weaning 5-10kg 240 14.1 17.1 29
5 week weaning 10-20kg210 13.7 15.3 26
Grower 20-60kg 165 12.6 13.1 22
Finisher 60-90kg 140 12.5 11.2 19
Sow lactating 176 12.5 14.1 24
pregnant 130 12.0 10.8 18
BIRDS
Broiler starter 0-2 weeks 230 12.8 18.0 31
Broiler grower 2-4 weeks 210 13.0 16.2 27
Broiler finisher 4-7 weeks 190 13.2 14.4 24
Rearing pullets 0-6 weeks 210 115 18.3 31
6-12 weeks 145 115 12.6 21
12-18 weeks 120 115 104 18
Laying hens 160 115 13.9 24
Turkey starter 0-6 weeks 300 12.6 23.8 40
Turkey grower 6-12 weeks 260 12.6 20.6 35
Turkey finisher 12 + weeks 180 13.0 13.8 24
Breeding turkeys 160 11.3 14.2 24
DOGS Growth / Lactation 250 >14 17.8 30
Maintenance 130-220 >13 10.0-16.9 17-29
CATS Growth / Lactation >310 >16 194 33
Maintenance >220 >14 15.7 27
FISH'
Salmonids Fry, fingerlings 550 17 32.4 70
Smolt 400-460 15-17 26.6 58
Catfish and Cyprinids 320-360 12-13.5 26.6 58



1. Energy values in digestible energy (DE MJ/kd}//@J DE and Protein energy % as 100 x digestibéegynfrom
protein/DE.

Differences between species in their digestiveesysilso affect the required concentration of pmtéarnivores have no
ability to digest fibrous feed and even a limitdaulity to digest starchy carbohydrates. Conseduetiie diet has to contain
more of both protein and fat, but the protein:egegdio is not greatly increased compared with @igd poultry. Fish
appear to have much higher protein needs than m&and aquaculture diets (a very important aregeireloping
countries) are high in protein. To a large exthig is not due to a greater need for protein armaller need for energy.
Poikilothermic animals (fish, reptiles) do not nestergy to maintain their body temperature, wheheasiothermic
animals (birds and mammals) expend a consideratdeiat of energy (partly reflected as basal metabralie and
maintenance energy and partly as shivering or pghto maintain a constant body temperature diffete the
environmental temperature.

Alteration in energy needs from those considerathdunormal maintenance and production also attexgprotein
requirement expressed as a proportion of the dRetduced energy expenditure during heat streskg@sueduced
voluntary feed intake and to maintain the samegimdhtake to support growth the dietary conceitrabeeds to be
increased. Increased energy expenditure as iti@akliexercise (e.g. cattle walking increasedagises to find water or
adequate grazing) can mean a lower proportionapr is needed in the feed so long as energy caedbe satisfied by
increased voluntary feed intake.

Protein synthesis in the body involves a considerakpenditure of energy to create the activatemhaimcids to be linked
together. In addition, protein tissues are corbtdoeing turned over. For every one unit of natration of protein about 5
units of protein are synthesised. Some tissuesiamang over faster than others. Indeed soméefastest turning over
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tissues such as the intestinal epithelium and Ile&d to little or no net accretion.

Figure 5. Effect of supplementing a basal diehwither fat or carbohydrate at constant proteiwitir protein at constant
energy on protein synthesis, protein degradatiahret protein retention in pigs. Data from Redds €1981).

The energy cost of protein synthesis in proteinduer just to maintain the existing protein hasrbegtimated to account
for 15 to 33% of energy needed for maintenance.Wduglitional energy is provided there is an inceagrotein

synthesis and a decrease in protein degradatiothasd two effects combine to enhance net progémtion. When
additional protein is supplied at constant enehgyé is an increase in both protein synthesis mapdatein degradation
resulting in a smaller net increment in proteirengion. This is illustrated in Figure 5, which gé/the determined synthesis
and degradation contributions to the net N retentid/ith increasing protein in the diet there asgiently small
improvements in carcase quality, measured as isedeprotein and decreased fat content. These ebamge from the
decreased net energy value of protein comparedoaithohydrate and the increased energy requireiddogased protein
turnover driven by higher dietary protein intakeuking in reduced energy available for fat synihes



Indispensible amino acid requirements

Mono-gastric animals do not have a requiremenpfotein as such but for 9 to 10 amino acids, wiiehbody cannot
synthesise, together with a source of amino nitndgat can be used for the synthesis of the remgiamino acids. The
amino acids that cannot be synthesised must bedewby the diet. They are termed indispensabkssential amino
acids. In addition two amino acids, Cysteine agtb$ine, can be synthesised in the body but owiynfindispensable
amino acids Methionine and Phenylalanine respdgti@nsequently, they are not indispensable liietary supply
spares the need for the indispensable parent amsido These are termed semi-indispensable or sesenréal. Arginine is
an indispensable amino acid for birds and fishithmammals it is synthesised as part of the uregecyHowever, as most
of the synthesised Arginine is broken down to redearea the amount available for protein synthasig be inadequate and
a dietary supply may promote growth in young angn&imilarly Glycine and Serine may not be synigegbin sufficient
quantities in certain situations such as young atsrand rapidly growing chicks and so are termettlitmnally
indispensable. Initially practical trials were tad out to determine the requirement for eacthefibhdispensable amino
acids in turn from response curves to supplememtati deficient diets with the amino acid undersideration. A typical
response curve to lysine supplementation of a igeficliet for chicks is shown in Figure 6.
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Figure 6. Feed efficiency ratio response to supplging a lysine deficient diet with incrementdysine in male chicks
from 3 to 6 weeks of age. The data are interprageeither a) as an exponential response overhb&wange or b) a linear
response to the requirement breakpoint. Data fiam & Baker (1994).

Differences in the size, maintenance requiremedipariential growth rate of individual chicks resulthe flock response
tailing off as the asymptote is reached. Reseasdnad National Committees have attempted to gsiagle value as the
requirement that feed compounders could use dsipet in least cost diet formulation. Howevettjrfg different
statistical models to the data can result in daitge differences in apparent requirement with eqasnces for diet costs.
More attention is now being paid to the responseecauch that the economically optimum level ofreamino acid can be
targeted. There is no point in targeting maximuowgh rate or production if the last increment iaonomic.

The practical trials indicated the requirementsedawith many different conditions, such as sexeaiie strain,
environmental temperature, growth rate and eneugplg, in the same way as requirements for crudéepr. To shortcut
the work needed to study all possible situatiorth wach amino acid the concept of the ideal proteis formulated. Since
each protein has a fixed and characteristic seguehamino acids it follows that the ratio of thmino acids to one another
is constant in any one protein. If the proportiohthe different proteins in the body during grbveiso remain reasonably
constant then the ratios of the amino acids irtated body proteins will remain constant. Consetilye if the requirement
for one amino acid is determined by empirical timabne situation the requirements for all the otten be estimated by
applying the ratio as determined for the ideal girot Because lysine is normally the first limitiagino acid in most
practical diets and therefore the requirementdyiine were the most studied in empirical trigysjme is used as the
reference amino acid and all others are expressadaio to lysine



(Table 2).

A first approximation to the ideal ratio is the amiacid composition of the whole body, or of thestie protein gained
during growth. This makes the assumption that edslorbed indispensable amino acid is used witsahee efficiency for
protein synthesis. This is not true since somearacids e.g. Tryptophan and Methionine are usedumposes other than
protein synthesis and others such as Cystine arebfime have large losses in intestinal muco-pneteiAlso as different
proteins turn over at different rates the ideatgratchanges with change in proportions of theedéfit proteins being
synthesised at any one time. For example, asrtpogion of protein involved in maintenance of ey compared with
accretion of new tissue changes with age so trad tern will change to reflect the different f@ias involved.
Consequently, the ideal pattern has evolved inntepears as some of these factors have been stu@iwdn an accurate
determination of the lysine requirement in term&wof diet or g/MJ ME in any given situation theugement for the
remaining indispensable amino acids can be cablat

Table 2. Amino acid requirement patterns relatové/sine = 100

Pig* Chick? | Rat Salmonids | Trouf | Common | Tilapia® | Cat
carg'

2050kg | 0-3wk
Lysine 100 100 100 100 100 100 100 100
Met + Cys 51 72 7Q 50 56 54 63 90
Threonine 64 67 63 42 44 68 73 90
Valine 74 77 85 46 67 63 55 80
Leucine 114 109 11( 75 78 57 66 <15(
Isoleucine 57 67 7( 42 50 44 61 65
Phe + Tyr 114 105 110 110 100 114 108 130
Trypt 17 16 14 13 11 14 20 15
Histidine 36 32 36 33 39 37 34 35
Arginine (40)* | 105 ) 88 83 75 83 150
Gly or Ser - (65)* - - -
Proline - (44)* - - -
Taurine - - - - 6

*Arginine synthesis is not adequate to meet neesisgcially in young animals and cats.

Glycine plus serine synthesis not sufficient foximaum growth rate.

Proline response obtained with experimental fremamacid diets; practical diets supply sufficient
supplemental proline.

Approximate lysine requirement g/MJ ME

| 0.88 | 091 0.6 1.2 | 1.7 1.3 | 1.2 ] 0.4

1. Boisen et al. (2000). 2. Baker & Han, (19®4)Bureau & Cho (2000). 4. NRC (1993)
a: g/MJ DE

One problem with this mode of expression is it doatsindicate the amount of dispensible amino Ndeéei.e. the
minimum crude protein content in which the indisgele amino acids must be supplied. If this istmthen the ideal
pattern can be expressed as a percentage of idé¢@inpor g/16 gN. In this form the ideal patteam be used to estimate
the biological value of feed proteins through ta&uglation of a chemical score (CS) based on tbpgtion of the amino
acid in the feed protein compared with that of igeatein.
CS = _Amino acid in test feed (9/16 g N) x 100
Amino acid in ideal protein (g/16 g N)

The amino acid with the lowest score below 10Méslimiting amino acid. Amino acids present inajeg amount relative
to the ideal protein than the limiting amino acel having a higher score can only be used in preimthesis up to the
level sustained by the limiting amino acid. Theoamt in excess will be deaminated and the carbelesn used as a
source of energy. Consequently, the score folirtiigng amino acid becomes the chemical scorelerprotein.



An example of the use of the ideal protein pattercalculate chemical score of feeds is given ibld8&. For maize, lysine
is the first limiting amino acid. For soybean meaéthionine +cystine (M+C) is first limiting.

Table 3. Calculation of the amino acid scores caneg with the ideal pattern for chicks for maizeamsoybean meal, diet
of maize-soya supplying optimum protein of 22.4%4q af this diet supplemented with 0.155% methionmmeet ideal
balance for methionine plus cystine.

Table 3.

Maize Soya Maize-Soya Plus Met
Lysine 55 115 103 103
Methionine 107 74 81 116
M+C 111 75 82 100
Threonine 99 109 107 107
Tryptophan 82 149 136 136
Arginine 82 130 120 120
Histidine 176 160 163 163
Isoleucine 94 125 119 119
Leucine 208 132 147 147
Phenylalanine 164 176 173 173
P+T 154 160 159 159
Valine 114 112 112 112

Maize-soya: diet mix of 52.2% maize, 37.8% soybmaal, 10.0% fat/min/vit supplement
Plus Met: Maize-soya diet plus 0.155% methionine

When these two are mixed the surplus amino acidmefprotein complement the deficiencies of thewtiwWhen the two
are combined in a ratio to achieve the minimum erpibtein needed by young chicks, currently esechass 22.4% of a
corn-soya diet, only the sulphur amino acids renfiaiiting. Supplementation with methionine willrwect the deficiency.
In this example the supply of lysine (CS 103) amaanine (CS 107) are also just met. The next amdmbin surplus is
estimated as valine (CS 112), followed by isolee@nd arginine. This sequence of limiting amindsbas been
demonstrated with growth trials in chicks (Fernaneeal., 1994). In theory it should be possibléécrease the diet crude
protein by 10% to 20.2%, using less soya, but smpphting with methionine (0.221%) plus lysine (8% and threonine
(0.043%), all of which are now commercially avalighio create the ideal protein balance with valiRerther reduction in
the crude protein and Soya should be possibleriytvaith more supplementation with methionine, hesiand threonine
but also with valine, isoleucine and arginine, vilhace all closely similar in CS.

It is not necessary to meet the ideal balancelf@naino acids. If one or more amino acids aretlimg in the diet it is
possible to increase the amount of protein to rieeheeds of the limiting amino acids (Carpenter 2a Muelenaere,
1965; Boorman, 1992). This can be important femamwhere abundant cheap supplies of a poor qpatitgin are
available. If complementary proteins and synthatitno acids are not economically available thesmntjty can make up
for quality. The disadvantage is the excess obther amino acids is increased further and thesd o be deaminated
and excreted with reduction in the energy valuthefdiet and enhanced pollution consequences.



Figure 7a. Response of chicks to increase in pretiéh a constant amino acid compaosition suppfiedn a poor quality
source (cereal-groundnut meal), or the poor quabtyrce supplemented with methionine and lysinéioon a good quality
source (cereal-herring meal).

Figure 7a illustrates the response of chicks teeimse in the diet of either a good quality profem close to the ideal
pattern- cereal-fish meal) or a poor quality prot@ereal-groundnut meal) with one or more amiridsaat less than
optimum levels and with the poor quality proteipglemented with lysine and methionine in a congtaoportion of the
protein. Nearly equal growth can be achieved witlch greater use of the poor quality protein (Wethél., 1975).
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Figure 7b. Response of chicks to a poor qualitye® (cereal-groundnut), or the poor quality supaeted with
methionine and lysine, or from a good quality seuieereal-herring meal) expressed in terms of ¢beesfor the limiting
amino acid calculated from the ideal protein rédiochicks in Table 2 and a lysine requirement .@PA of the diet.

The growth response is plotted against the limidngno acid score (using current estimates of araoi requirements) in
Figure 7b, confirming the over-riding factor is thgoply of the limiting amino acid in the diet. dfailure to achieve the
same maximum growth reflects the reduced net enalyye of the diet. Formulating a diet with coasits to limit the
excess of one or more amino acids has the advaatdgeering dietary protein and reducing pollutioat requires

bringing in other proteins that have complemenpatgerns of amino acids, high in the limiting amawds but low in
those whose excesses are to be reduced. Sucihgesds are likely to cost more than the widelgdieeds. Every time a
new constraint is added to a best-cost diet m#taxcost of the diet is almost bound to increasecam never decrease.
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Figure 8a. Lysine and methionine plus cystine auné feed protein compared with the ideal protetance of these two
amino acids for chicks from 0-3 weeks of age.

The lysine and M+C of some major feeds are compaittdthe ideal protein pattern for chicks in Figuda. This
illustrates the cereals are low in lysine but haneexcess of M+C. Legumes are richer in lysinenuth poorer in M+C.
Other vegetable protein concentrates can be veighbla in lysine but generally have good M+C cohtefsnimal proteins
are usually of good quality with very high levefdysine. Fish meal also meets the high requir@roénhicks for M+C

but meat and bone meal, and blood meal, are nbtgomd sources. In diet formulation the aim isneet the requirements
for at least these first two limiting amino acidBhis is readily accomplished by complementinglyisine deficient cereals
with a lysine rich protein such as soya. But thBaiency of the protein concentrates in M+C metiias the diets will still
be deficient in M+C which is hormally and most eonomcally corrected by a small supplement of syntheiethionine.
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Figure 8b. Lysine and methionine plus cystine cainté feed protein compared with the ideal proteatance of these two
amino acids for pigs 30-60 kg live weight.

The target pattern for young pigs is compared thithsame feed amino acids in Figure 8b. Heredbal iysine is set
much higher. Indeed so high that it would appkat only some of the animal proteins are rich ehandysine to balance
the cereals and achieve the ideal ratio. Therdiffee in value compared with the chick is not bedlmore a reflection of
the greater amount of research into the ideal prgiattern conducted with the pig, influenced bipe$ to model growth of
the pig and also to reduce environmental pollubigmeducing dietary nitrogen to a minimum. As itheal pattern is
approached and excesses of indispensable amirmareicdliminated so dietary protein is reducedthadysine as a
proportion of that protein increases. Despite toiscentration of the requirements the ideal M+&tilslower than for the
chick. Consequently, the M+C requirement is easiét but lysine is normally the first limiting anoiracid in practical
diets for pigs.

lleal digestible amino acids

In the past, most diet formulation has been baseiti® use of the chemically determined amino acident of feeds,
usually book values representative of the clagwerahan analyses of the individual batch. Sonestiient may be made
using the determined crude protein content of #itetband published regression equations of amiitbcanitent in relation
to crude protein. The problem that not all thensivally determined amino acids are available toahienal at tissue level
has been known for many years but lack of techrsigqaeoutinely determine amino acid availabilitystreeld back progress.
Specific tests for available lysine, based on iendaif a free epsilon-amino group in lysine witlagents such as
fluorodinditrobenzene (FDNB-available lysine), damatrated the importance of the concept of avaitsttf amino acids
and the effects of processing in reducing amind aeailability (Carpenter and Booth, 1973).
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Microbiological assays showed that heat procesalisg reduced the availability of other amino agdeh as methionine,
and even those without reactive groups such agkeyrliller et al., 1965). While mild heating indlpresence of reducing
sugars can specifically reduce the availabilityysfne, the major problem is a generalised redundticthe digestibility of
the protein. Traditional methods of measuring dibéiy by analysis of faecal residues is inapmiape for most
mammalian and avian species. Extensive microbrahéntation in the hindgut (caeca or colon) fermamino acid
residues from undigested feed and replaces thelmbaitterial protein with a different amino acidffieo Digestion and
absorption of amino acids is complete by the enth@small intestine. Analysis of amino acid resislreaching the
terminal ileum enables the calculation of appaileat digestibility. However, part of the residua® not of feed origin but
are of endogenous origin, shed mucosal cells, mresraidigestive enzymes, secreted mucoproteings&tosses from
normal metabolism are referred to as the basalgardus loss. They are proportional to dry matitkie and not
necessarily related to protein intake. Their dbntion to the total ileal N will be greater wheawl protein feeds such as
cereals are fed. Consequently, the apparentdigaktibility of low protein feeds will be low, arapparent ileal digestible
amino acids of feedstuffs are not additive, a priypeecessary for feed formulation.
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Figure 9. The effect of increasing the amount single feed protein in the test diet on true goplaent ileal digestibility
of the protein. In this example, relevant to g pigsal endogenous crude protein loss at the ilsun? g/100 g feed dry
matter and the feed has 90% true ileal digestbilit

Correction for basal endogenous amino acids indimainal ileum gives the true ileal digestibilitfthese values are
independent of the level of protein in the feedk (Byure 9) and true ileal digestible amino acitiga are additive. How
the correction for endogenous losses is madellis stiibject for debate (Boisen and Moughan, 198 and Hess, 2000).
Endogenous losses measured with a N-free diebarw. In the absence of dietary N the animapéslas metabolism;
food intake is depressed, proteolytic enzyme searetire greatly reduced and consequently N logsedteum is reduced.
Endogenous losses can be measured directly usitgpis labelling of either the feed protein or atlegenous proteins.
Corrections based on this measurement have baaadeeal ileal digestibility. However, the feeskif may increase the
endogenous loss. This may be a result of a higk fiontent causing additional mucosal lossegglaviscosity preventing
reabsorption of secreted proteins or antinutritidaetors in the feed such as proteolytic inhitstand lectins causing
enhanced secretion of enzymes and increased mumkalrnover respectively. Such feed relateddssare best regarded
as a charge against the feed rather than an irciedise requirement of the animal. If the tesit@in is assayed at several
levels of dietary inclusion then the basal endogsrioss can be determined by extrapolation to iretasion and the
regression coefficient of the increase in ilealMingividual amino acid against N or amino acichk# is the true ileal
digestibility and includes within it any increaseandogenous loss which is proportional to thefessl.
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Determination of ileal true digestibility of stanrddish meal (NorseMink®) and of low temperaturegessed fish meal
(Norse LT94®) in chicks by replacing enzymaticatlydrolysed casein with three levels of test protéinue ileal
digestibility is 1-regression coefficient. The egénous loss is given by the intercept value, wiigkinforced by direct
measurement of ileal N on the enzymically hydraflysasein diet assumed to be 100% truly digestede ileal
digestibility is NorseMink® 86.7% +1.24; Norse LT®B3.2% +0.88

Figure 10 illustrates the determination in chiodd fwo commercial fish meals, one of standard tuatid the other
processed under low temperature conditions. Bigtudy enzymically hydrolysed casein supplemewifdamino acids to
meet all amino acid needs was used to measure dradadenous loss at the zero test protein levstedd of determining
the basal endogenous loss in every trial a mearevan be determined and used to correct appaggrstidility
determined at a single level of inclusion of tasttein. Such values have been termed "standarditead digestibility
(Boisen, 1997; Jansman et al., 1998; Rademaclatr B2899a,b). Typical values for true and appaiteat digestibility of
protein in the pig for some protein concentratesgiwven in Table 4. Accounting for the basal eradays loss
substantially increases the value for true dig@#iitover apparent digestibility. Clearly thereessubstantial differences
between proteins in the ileal true digestibilitytloé protein.

Table 4.

True Digestibility (TD) and Apparent DigestibiliyAD) to the terminal ileum of pigs of crude protéMx6.25) of some
protein concentrates.

TD AD

Fish meal 72% CP 88.4 84.4
Soya Hipro 48% CP 85.7 79.8
Sunflower seed meal 34% CP 81.2 74.9
Rapeseed meal 75.9 68.5
Peas 79.2 74.3
Beans 81.8 76.3
Meat meal high quality 79.3 75.3
Meat meal low quality 63.6 59.8

Data from Rhone-Poulenc.
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On average these difference in N digestibilityeeflindividual amino acid digestibility. A firsparoximation to amino
acid digestibility can be obtained from the prodofchN digestibility and amino acid content of thefgin. A further
refinement is to determine the digestibility of eaenino acid. In general, the true digestibilifym@thionine is greater
than that of N while that of cystine is lower, lboit the majority of indispensable amino acids tkalitrue digestibility
differs very little from that of N. Typical valudsr standardized true ileal digestibility of N akely amino acids are given
in Table 5.

Table 5. Standardised true ileal digestibilityfeédstuffs for pigs (%)

CP Lysine Methionine M+C Threonine Tryptophan
Cereal grains

Barley 80 76 82 81 80 77
Corn 83 76 87 84 80 76
Oats 76 81 84 78 75 77
Sorghum 92 90 93 93 94 98
Wheat 89 84 90 89 86 88

Cereal co-products

Corn germ meal 70 65 81 69 72 66
Corn gluten feed 70 65 81 69 72 66
Corn gluten meal 87 87 97 93 90 86
Rice bran 64 62 71 62 62 75
Wheat bran (10% CF) 68 68 73 72 60 75
Wheat gluten feed 78 81 82 79 77 82
Wheat gluten meal 100 99 99 99 99 98
Wheat middlings (7%CF) 77 78 82 79 73 81
Legumes

Beans, field 77 82 66 62 77 68
Lupin seeds 87 88 82 85 86 87
Peanut meal 85 81 85 81 83 86
Peas, field 79 81 74 70 76 70
Soybean meal, 44%CP 87 89 90 86 86 87
Soybean meal, 48%CP 87 89 90 86 86 87
Soybean, full fat 82 83 82 78 79 82
Other vegetable proteins

Cottonseed meal 81 70 80 79 76 82
Linseed meal 75 82 85 85 79 84
Rapeseed meal 73 74 81 75 71 71
Sesame meal 84 82 84 84 79 84
Sunflower meal 81 79 88 83 80 83
Potato 90 90 91 82 86 80

Animal proteins

Blood meal 88 94 88 88 89 91
Feather meal 67 49 58 63 69 56
Fish meal, 56%CP 85 89 89 85 88 86
Fish meal, 65%CP 85 89 89 85 88 86
Meat and bone meal, 42%CP 74 77 77 67 74 73
Meat and bone meal, 48%CP 74 77 77 67 74 73
Meat meal, 47%CP 77 77 84 79 78 78
Meat meal, 54%CP 77 77 84 79 78 78
Whey powder, delactosed 92 93 91 90 93 91

Data from Rademacher et al. (1999b).
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Although ileal digestible instead of total aminadscare now widely used in the commercial formolatf diets there is a
paucity of evidence of the expected benefits (S&vdess, 2000). If an existing diet (e.g corn-sbyaed) gives good
production and the true ileal digestible amino aeigply will be in a similar proportion to the tbsapply as the ileal
requirement to total requirement. Changing thésbafsformulation will give no benefit. Substitng one feed with high
digestibility with another of similar digestibilityill also give similar performance by either systeHowever, synthetic
amino acids are assumed to be 100% digested amgbarpevaluation of their use requires the desonpf feed proteins

in terms of ileal digestible amino acids. A majole of animal production is to use byproduct feadsing from the
processing of foods for human consumption. Wheese byproducts have distinctly different avaiiéibs then advantages
for the use of ileal digestible instead of totaliamacids can be demonstrated. Tanksley & Knab84l8emonstrated that
50% of soyabean meal could be replaced in a pigndie meat and bone meal so long as the lattersupplemented with
lysine and tryptophan to supply the same amoudig#stible lysine and tryptophan. A number of stadhave shown heat
processing reduced growth in bioassays in a masimélar to the loss of ileal digestible amino acidsile total amino
acids remained little changed (Varnish & Carperttéi5; Parsons et al., 1992; Kim and Easter, 200130me studies
ileal digestibility has not been able to accoumtdifferences in bioavailability (Batterham et d1990a,b; Beech et al.,
1991, Batterham et al., 1993; Batterham et al.418®ughan et al., 1991). The conclusion from #ades of experiments
has been expressed as ileal digestibility valudwaf-processed meals are unsuitable for diet flatinns as a proportion
of the digested amino acids is in form(s) unavé@dbr tissue metabolism. These experiments &tlugpparent ileal
digestibility values not true ileal digestibilityMoughan et al (1991) compared the determined drafvpigs fed a barley
based grower diet with the response to lysine supehtation of a lysine deficient synthetic dietdshen casein. The
observed growth was 0.925 of the expected growsgkedan intake of apparently absorbed lysine. Thieae an equal ME
intake 15.3% more dry matter was fed of the test tian the synthetic diets. Thus the endogerasse$ would be less on
the synthetic diet leaving more of the supplemeniizine available to support growth. The serieexperiments by
Batterham et al. and Beech et al. all had the dam& a comparison of cottonseed meal, meat and bwal and soybean
meal as examples of feeds with low, medium and hégth digestibility. The growth and N retentiohpigs fed three diets
formulated to supply the same limiting level ogiléysine, methionine, threonine, tryptophan otascine was measured.
The main difference was observed between cottonseadland the other two meals, with smaller (lystheeonine) and
non significant differences (methionine, tryptophan N retention between meat and bone meal ayldesm meal. Diets
were fed on a scale to provide the same DE/#ut the cottonseed diets had 8.3% less DE/kgtt@soybean diets with
the meat and bone meal diets intermediate. Corsdéiguthe amount of dry matter fed differed anddd@ndogenous loss
would be less for soybean than meat and bone mealtimnseed meal allowing more of the absorbeditigmamino acid

to be used for growth. The presence of gossypbratiinose in cottonseed makes this protein paldity susceptible to
heat damage by binding specifically with the epsi#mnino group of lysine (Martinez et al., 1961 hisTmay make it
unavailable without any major change in digestipitif the protein (see below). Cottonseed meal@oducts such as
dried milk powders where reducing sugars are piaiénpresent may be special cases where ilealstilgjéty fails to

reflect the full loss of available lysine througdrly Maillard reactions. For the majority of pristeoncentrates this is
unlikely to be a major factor. Indeed, the Batsnhgroup in a study of isoleucine, where the mesésl were cottonseed,
lupin seed meal and soya bean meal, ileal digéstiborrectly predicted growth performance (Bdt@m & Andersen,
1994). Correction for the known differences irall&ue digestibility must be an improvement over tise of chemically
determined total amino acid content.

The intestinal tract in carnivorous fish is reletivshort without any adaptation of the hind gutrfocrobial fermentation.
Direct determination of apparent faecal digestipik a reasonable indication of the net absorptioprotein and amino
acids. However, determination of digestibilityfish is difficult. Measurement of total intake feled and of excretion of
faeces is impossible and markers must be usedibléatomponents can be lost from feed, especialbjaw feeders, and
from excreta collected from the water. The alttwesof stripping digesta from the gut obviatestluss but may increase
protein in the excreta by removing endogenous corapis that would be absorbed in the hind gut. Speeialised
facilities needed for maintenance of fish and deieation of digestibility prevent the routine detenation of digestibility.
Instead, mink have been used as an alternativévoaerwith little complication of hind gut fermeni@an of undigested
residues. True faecal digestibility of proteimiink correlates with apparent digestibility in salmds. In Norway all fish
meals sold as LT meals have been tested to ex@8édi@estibility in the mink test. An alternativeethod is to determine
the ileal digestibility in chicks. In a recentdy fish meals and fish feeds prepared under vamonditions were assayed
by both mink and chicks. The two assays rankedriherials similarly, led to the same conclusiosisoeeffects of
processing variables and showed a good absoluemgnt (Figure 11). Mink digestibility of fish nie&an also be
accurately predicted by Near Infra-red Reflectance.
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Figure 11. Comparison of determination of trueifjedtibility in fish meals and fish feeds usingeit faeces in mink or
ileal digesta in chicks.

Effect of processing on protein quality for monogastric animals

Four distinct types of damage can occur. Wherepistare heated under relatively mild conditiongnestorage at 37°C,
in the presence of reducing sugars or sucrose (wd@n hydrolyse to release reducing sugars) thioegmmino group of
lysine reacts with the potential aldehyde grouphefsugar to form early Maillard reaction prodwsiish as fructosyl-lysine.
Fructosyl-lysine and formyl-lysine are absorbedittmetabolised. Reactive epsilon-amino groupsbeaconveniently
measured with fluorodinitrobenzene (FDNB). Alburheated under mild conditions with glucose hadesad true N
digestibility of 96% but the FDNB-available lysim&as reduced to 69% of the control and availabdit{ysine by growth
bioassay with chicks was also reduced to 69% o€tmerol (Hurrell & Carpenter, 1978). Gossypolgcwttonseed, has a
reactive aldehyde group which reacts similarly viggine during processing to reduce the availabditlysine. It also
contains about 10% of the non-reducing sugar radinbut, as with sucrose, this must hydrolyse durgmating to produce
reducing sugars and results in loss of FDNB-avilfsine (Martinez et al., 1961). With more sevbeat in the presence
of reducing sugars advanced Maillard reactions teadfurther fall in FDNB-available lysine but awen greater fall in
digestible lysine and a general reduction in thyeslibility of all the other amino acids in the o (Miller et al., 1965).

In the absence of reducing sugars much higher teanpes, above 100°C for several hours, are redjtiirdring about loss
of FDNB-available lysine (Carpenter & Booth, 1978)nder these conditions cross links form betwéenepsilon-amino
group of lysine and of the carboxyl group of aspatid and glutamic acid (or their amides) to farew peptide-like cross
links (Hurrell et al., 1976). In addition cystifeses hydrogen sulphide to form a dehydroalanisglue plus a cysteine
residue, the dehydroalanine and cysteine then reicento form lanthionine creating a new C-S-C clogsbetween
peptide chains. Dehydroalanine may also be foroyedehydration of serine. Under certain conditje@specially alkaline
pH, the epsilon-amino group of lysine reacts wigihgblroalanine to form a lysinoalanine cross liffkhese new cross links
reduce the digestibility of the protein and hermedvailability of all amino acids not just thoseedtly involved. These
conditions are not experienced during normal preiogsbut have occurred when unstabilised fish meal® overheated
through lipid oxidation during storage and transp&ven autoclaving at 133°C for 20 minutes at&stas required for the
treatment of meat and bone meal is estimated fhaset studies to cause only a 2 to 3% loss of FDiN#Btive lysine.

Heating protein in the absence of reducing sugaderumuch milder conditions (70 - 120°C for 20 nt@s) brings about a
loss of sulphydryl groups (cysteine residues) antherease in disulphide bonds (cystine residuét) httle loss of the
total cysteine plus cystine (Opstvedt et al., 1984¢ating causes the formation of new S-S crogs land also the
rearrangement of existing disulphide bonds duriegaduration of the protein. These changes areiassd with a 2 to 7%
reduction in protein digestibility determined it of fish protein cooked at 95°C for 20 minut@$e digestibility of all
amino acids is affected but that of cystine (16 92reduction) and aspartic acid (7 - 11 % reduagtieere most affected
(Opstvedt et al., 1984).
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In response to these findings the Norwegian fishlnmelustry developed low temperature processédnfisal where the
temperature is not allowed to exceed about 70%4hwaistage. This material has about 5% units beitestibility
determined with mink than regularly processed fisdal where the temperature may exceed 100°C fboanor more.
Heating also induces racemisation of amino acidgjqularly aspartic acid. D-aspartic acid cardbeected in regular fish
meals and its formation has been demonstrateghrpfiocessed under various conditions with tempeFatin the range 95
- 127 °C but not at 70°C (Luzzana et al., 1996,9)99
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Figure 12. Mink digestibility of N, reactive sulpdiryl groups and D aspartic acid content of stathdiah meal
(NorseMink®) and of low temperature processed figal (Norse LT94®) and fish feeds made from thelsneader
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Figure 13. True ileal digestibility of amino acidscommercial fish meals prepared under low teramfoee or regular
processing conditions.

In a recent collaborative study the kinetics oklo$ sulphydryl groups and the formation of D-asipaacid has been
studied and the changes have been related to redwdtdigestibility of the protein in mink (Figu) and to the ileal
digestibility of individual amino acid in the chigkigure 13). Low temperature processing incredisedligestibility of all
amino acids but the effects were greatest for eyise and aspartic acid. D-aspartic acid was peoyly digested (Miller
et al., 2001). The presence of D-amino acidsénpiptide chain prevents the action of proteolgtizymes.
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Protein quality for ruminants

In the ruminant feed is fermented in the rumenatii@ fatty acids are absorbed from the rumen andsum and provide
the major part of the metabolisable energy to tlimal. The fermented digesta leave the rumen ahgttgthe microbial
biomass and are subjected to further digestioherabomasum (true stomach) and intestines muehthe monogastric
animal. Microbial protein is digested and absoripeithe small intestine and supplies the major phtthe absorbed amino
acids. The amino acid balance of microbial proteigood with methionine determined as the first Bsine as the second
limiting amino acid for growing sheep (Storm & @osk 1983, 1984). The amino acid needs of the drearabe met at
maintenance level by microbial protein alone. Witrease in energy supply above maintenance iherdra microbial
protein produced and a low level of production barsustained.

Figure 14. Calculated requirements of a dairy émwnetaboliseable protein (MP) per unit of fernaté metaboliseable
energy (FME) and the contribution that can be etqguefrom rumen microbial organisms (RMO). Caloathtrom
Alderman & Cottrill (1993).

The microbial protein yield is limited by the fermed energy supply. For moderate and high levefgaduction the
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microbial amino acid supply needs to be supplentewith dietary sources of protein or protected aranids that escape
degradation in the rumen (Figure 14). The ratéigéstion of feed, particularly roughage feed, tredrate of passage of
residues from the rumen, are important determinaini®luntary feed intake and productivity. Consenqtly, considerable
emphasis is placed on maintaining optimal condgiionthe rumen to maximise microbial growth andedtgpn.

The N requirements of the ruminant are two fold:

1. A source of degradable N to meet the needseofuimen micro-organisms. This can be largely metdn-protein N
sources such as urea which are converted to amnmotiia rumen but growth of bacteria are stimuldigdhe supply of
peptides. Supplying degradable protein insteahmhonia stimulates growth of amylolytic bacteriaupyto 18.7%
(Russell et al., 1992). Digestion of fibrous feexlalso increased by the provision of preformedaty protein (Carro &
Miller, 1999). The supply of degradable N shouéddh a rate commensurate with the release of emkengyg fermentation.
Too rapid supply of ammonia, from high levels adaior from rapidly degradable diet proteins suchrass, leads to high
rumen ammonia levels. This is absorbed from tineeruconverted to urea in the liver and largely etezt in the urine. If
the capacity of the liver to convert the ammoniexseeded, ammonia increases in the blood to teachlevels.

2. A source of undegradable N that is digestetiénsmall intestine and provides amino acids to dement the microbial
amino acids and meet tissue needs.

As with the monogastric animal, energy is the naiwing force of metabolism. In addition to segfithe limits for tissue
growth or milk production, the fermentable energpgy is the main determinant of microbial aminadaupply.
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For dietary protein the main characteristic isrtte and extent of degradation of the protein éwrthmen. This not only
describes the contribution to ammonia and peptatzla of the microbes but also the supply of amumsao meet tissue
needs. Considerable variation exists between figiglén the rate of protein degradation. Thisdgsmally measured by the
disappearance of feed N from bags of synthetic mahteith defined small pore aperture that prevehesloss of
undegraded feed particles but does not impedentress of microbes (Figure 15). The rate of l@sshe described as :

N loss = a + b(1- &) where a = loss at time zero and represents lsoNileasily washed from the bag and assumed 100
degraded, b = insoluble but potentially degradahle = rate constant describing the fraction ofrémaaining pool b
degraded in unit time.

Figure 15. The rate of loss of feed nitrogen floolyester bags suspended in the rumen.
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The feed residues in the synthetic bag cannot lgs/eumen, but feed residues do leave the rumeated that are
determined by the character of the diet and thel lef/feeding. Particles of concentrate feedssarall enough to leave the
rumen immediately after ingestion. Their rateezfMing also follows an exponential pattern witkat iconstant r (Figure
16). The equation describing the rate of degradaiiithin the bag is combined with the rate of pgesto give the
effective degradation over the summed time for White feed is subjected to fermentation.

Effective degradability = a + (bc/ c+r).
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Figure 17. Effect of rumen fractional outflow rae effective protein degradability. Proteins dbeimmediate degradability
with a large potentially degradable pool (b) buirgermediate degradation rate constant (c) arenibst affected.

The effect of rumen outflow rate on effective piotdegradability is shown in Figure 17. Exampléurea of feedstuff
protein degradabilies for three rumen outflow rae®, 5 and 8 % per hour, representing maintenéeesing, a moderate
level of feeding at about twice maintenance aseif lgattle, or a high level of feeding at over ¢htienes maintenance as in
high yielding dairy cows and lactating ewes aregiin Table 6.

Table 6. Descriptive parameters of N loss fromtisgtic fibre bags suspended in the rumen and cakileffective
degradability (%) at three rumen outflow rates.téDfaom Alderman & Cottrill (1993)).

Fractional N loss in rumen Effective degradability (%)
Parameters Fractional rumen outflow rate /hr

a b C 0.02 0.05 0.08
Cereals
Barley 0.25 0.70 0.35 91 86 82
Maize 0.26 0.69 0.01 49 38 34
Wheat 0.45 0.51 0.38 93 90 87
Cereal co-
products
Dried brewers
grains 0.05 0.65 0.05 51 38 30
Distillers grains,
maize 0.32 0.46 0.05 65 55 50
Maize gluten feed 0.61 0.36 0.09 90 84 80
Maize gluten meal 0.08 0.76 0.03 54 37 29
Rice bran 0.29 0.60 0.06 74 62 55
Wheet feed 0.34 0.57 0.11 82 73 67
Legume seeds
Beans, V. faba 0.42 0.56 0.16 92 85 79
Lupins 0.26 0.73 0.13 89 79 71
Peas 0.56 0.44 0.09 92 84 79
Oilseed meals
Cottonseed meal 0.33 0.60 0.06 78 66 59
Groundnut meal 0.27 0.77 0.09 90 77 68
Linseed meal 0.38 0.60 0.10 88 78 71
Palmkernel meal 0.24 0.70 0.07 78 65 57
Rapeseed meal 0.32 0.61 0.16 86 78 73
Soyabean meal 0.10 0.90 0.11 86 72 62
Sunflower seed
meal 0.30 0.65 0.17 88 80 74
Animal products
Feather meal 0.13 0.77 0.01 39 26 22
Fish meal 0.30 0.63 0.02 62 48 43
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Degradability alone is not sufficient to describe value of feed protein. Undegraded protein legtle rumen must also
be digested in the small intestine. Microbial pmthas a true digestibility of 85% in the smatkstine. Feed proteins are
generally well digested but values can range frOo50%. The amino acid composition of the digegirotein is as
important as for the monogastric animal. In theémtlae amino acid composition of the undegradedegimas similar to
that of the feed protein (Rulquin & Vérité, 1993 easonable estimates of individual amino absargtiom the intestine
can be obtained by multiplying the true N digedigdhe amino acid/ N ratio of the original feedur®nant grade fish
meal is a protein shown to give beneficial respangeaminants in many situations. The ruminandgranaterial is
prepared using fresh raw material so there has liderautolysis and consequently the soluble Nteat (parameter a) is
reasonably low. It is processed under regular teraditions that reduce the extent of degradatidheinsoluble fraction
and give high levels of undegraded protein. Téiwell digested in the small intestine and the anaicid composition, rich
in methionine and lysine , complements the firgi timiting amino acids of microbial protein. Fiskeal has been used in
many trials as a positive control to test the efficof other, possibly cheaper, proteins.

Many processes have been studied to reduce thandtextent of degradation of proteins in the rumghe aim is to
reduce the amount of excess production of ammeontlae rumen and to increase the supply of amindsaoi the intestine.
This process is mainly of advantage for proteingaiid amino acid balance. There is no point irsiphs reducing the
production of good quality microbial protein by trégion of degradable N in order to provide an alalmced source of
undegradable feed protein. Heat treatment of feéidslecreases effective degradability and inaedise supply of amino
acids to the intestine. The formation of new S«&slinks is one factor. Splitting the S-S cradslvith reducing agents
increases degradability. Soyabeans are normadlietdo reduce trypsin inhibitors and consequeh#gynormally
processed meal already has a slow rate of degoada®apeseed meal is not normally subjected tgdhee degree of heat
treatment in extraction of the oil. Additional héaatment of rapeseed meal markedly reduceseaedability.
Treatment with aldehydes such as formaldehyde andrgldehyde also reduce degradation in the rupogiby cross
linking between lysine residues can also lead doced intestinal digestibility of the undegradedtein. Reaction with
sugars, particularly xylose present in lignosulgterbinders, under mild conditions to form eantillard compounds
also reduces degradation at the expense of soine lyst without too much loss of intestinal digetity (Wallace &
Falconer, 1992; Harstad & Prestlgken, 2000).

Amino acid supplements are rapidly broken dowrha&arumen and very little survives to reach the mynegen at high
rumen outflow rates. Methionine, has been sucabgsgirotected by a number of coating techniquesgpally using

lipids or pH-sensitive polymers but these technsgaree more difficult to apply with the more polgsihe. The first two
limiting amino acids in practical ruminant dietg anethionine and lysine. The initial estimatethefrequirements for
these two amino acids for dairy cows are 2.5% aB#oof intestinally digested protein respectiveiulguin & Vérité,
1993) values that are comparable to 1.8 and 7tiReoifdeal protein pattern for pigs. Trials in whidiets have been
supplemented to these levels have shown markednsspn milk production and protein content of ithiék (Sloan, 1997).
This level of lysine can be achieved by maximigimgrobial protein (8.1 % lysine in total amino agi®torm & @rskov,
1983) and supplementation with a lysine rich prot&ncentrate such as soyabean meal (6.3 % lysito¢al amino acids).
However, if maize grain is used as a major energnaze gluten meal as a protein supplement thie iniglegradable
protein with low lysine contribution from these fisemakes lysine limiting. Similarly feather mesthough of low
degradability, has a very low lysine content. Tiethionine requirement is not so easily reachesimé&h bacteria are also
a good source of methionine (2.5 % methionine aBélcystine in total amino acids, Storm & @rsko®33) but soyabean
meal (1.5 % methionine in total amino acids) angnhather vegetable protein concentrates are lawathionine. Only by
inclusion of a portion of fish meal (3.1 % methiogiand 1.0% cystine in total amino acids) or ptetkeethionine can the
ideal balance of intestinally absorbed methionia@bhieved.

Immunological effects of dietary proteins

Protein concentrates should not be thought satetgrims of their supply of indispensable amino seidd a source of
dispensible amino acid N. Proteins have effectthheimmune system. Studies of protein-energy utetion in children
emphasised the role of protein deficiency in imipgicell mediated immune responses. Animal stuciedirmed that
protein deficiency reduces immune status. Theabladividual amino acids is less clear. Pherayt@the and tyrosine
restricted diets actually enhance cytotoxic immuirittumour-bearing animals, reducing tumour groeutia spread
(metastasis). In contrast, excess arginine degud@ssnour growth by 50%. Deficiency of branchediclamino acids and
of arginine + lysine increased splenocyte proltierabut sulphur amino acid deficiency decreasddnsyte and
lymphocyte proliferation. Increasing dietary metiine increases the lymphocyte response to stiroolatith
phytohaemagglutinin with the maximum responsegreater level than needed for maximum growth r&epplemental
cysteine was also effective, having approximat@§oof the response to methionine (Tsiagbe et 887 1Austic et al.,
1991; Konashi et al., 2000).
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More recent studies have examined the effectsutégiine and arginine in enhancing the immune sysi@htamine is
preferentially metabolised by the intestinal mucasd by lymphocytes. By maintaining mucosal ciélilsiproves the gut
barrier function against bacterial infection. Apracursor for glutathione (GSH) it helps maintie antioxidant status of
cells, especially the intestinal mucosa and lymptex: Inhibition of glutathione synthesis leadslégeneration of
mitochondria and structural damage to many tissw#sding skeletal muscle and lung but especiallfast turning over
tissues such as intestinal mucosal cells (Martenesal., 1990). The GSH level in lymphocytes &gy critical,
decreasing with oxidative stress in a number cdae situations with loss of immunocompetence (B @reitkreutz,
2000; Grimble, 2001). The best studied case of @8fitiency is human immunodeficiency virus (HIM)lot only is the
extent of GSH depletion prognostic of the onseAl®S but supplementation with N-acetyl cysteindoess GSH levels
and prevents progression of the disease (Herzemsbelg 1997). Giving whey protein isolate to Hiatients also
increased GSH levels and improved body weight (Bstet al., 1993; Micke et al., 2001). Whey proisoiate is
particularly rich in methionine (2.5 g/16 g N) acybt(e)ine (2.7 g/16 g N) and presumable actsdwige the necessary
precursors for GSH synthesis. The importance ohtai@ing GSH levels is now being demonstratedaimnf animals.
Steers fed a diet supplying only 60% of maintenaegairement had liver GSH levels reduced to 26%hefcontrol values
(Sansinanea et al., 2000). Protein deficient bagberythrocyte GSH reduced to 80% of the contréls.inflammatory
stimulus further depleted GSH in the protein defitipigs but was without effect in the protein e¢plpigs (Jahoor et al.,
1995). Nutritional strategies to increase GSH leage not likely to be beneficial to the immunstsyn in healthy animals
but deserve investigation in cases where diseakexdative stress are compromising the immuneaesp and causing
decreased GSH levels. For example, there is esdehreduced immune response at the onset ofitacia high yielding
cows, when body protein reserves are being rapidiilised to meet amino acids needs for milk prosscretion, and an
increase in susceptibility to mastitis at this ti(R&ccinini et al., 1999; Mehrzad et al., 2001).

Arginine can affect the immune system by increagiryvth hormone with consequent effects on thymeigiat and
responsiveness and as the substrate for nitrieedi@®) synthesis. Nitric oxide is important a®eal messenger, for
example as endothelial relaxation factor involwethie maintenance of blood vessel dilatation anddpressure control.
It is also produced in much greater quantitiesdiivated macrophages. NO is converted by reaetitin superoxide
radical to peroxynitrite (ONOQ and during decomposition to the formation of élven more reactive hydroxyl radical
(OH), as the final bacterial killing agents. Howewxcess peroxynitrite production is also damagnigpc¢al tissues,
causing nitrosation of proteins and destructioardfoxidants such as GSH. Immune modulating dnefsiding arginine
have been shown to be clinically beneficial in hamaubjected to traumatic stress enhancing preygithesis and wound
healing. On the other hand excessive NO producimtributes to increased gut mucosal permealaihty bacterial
translocation across the mucosa (Suchner et &2)20Animal studies have also given conflictinguks. Channel catfish
(Ictalurus punctatus) fed either a purified diet containing 2% arginorea practical diet with 1.3% arginine were chagjed
with a virulent strain oEdwardsiellaictaluri. The arginine enriched diet reduced mortalitydiello & Gatlin, 2001).
Coccidiosis in poultry increases plasma nitriteitrabe (measure of NO production) and reduces phaarginine but dosing
with additional arginine did not reverse the grow#pression, did not increase plasma nitrite ‘atgtand did not reduce
lesion scores (Allen, 1999; Allen & Fetterer, 2000)

Spray-dried blood plasma is used in USA in dietsfrly-weaned pigs. Numerous trials have showreased feed intake
and growth compared with other protein sourcesndutie first two weeks after weaning but littlepesse thereafter
(Coffey & Cromwell, 2001). The improved growthlasgely brought about by improved feed intake i ¢hitical

transition period. The reasons for this are nlty known. Weaning at three weeks of age is ae twhen plasma
immunoglobulin levels are at their lowest. Colostrantibodies have declined but production of imaglobulins by the
piglet is only just beginning. The response tmdlplasma is greatest in commercial environmenddess in clean
experimental conditions suggesting the involvenudrantigenic challenge to an immature immune syst&hme response
has been shown to be associated with the immunoljtolbaction leading to the current hypothesis ih@munoglobulins,
especially IgG, bind with viruses and bacteriahia intestinal lumen, prevent adherence to the nal@edls, prevent
damage to the mucosal cells, shortening of viltl lss of absorptive surface and maintain digeshnagyme activities.
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Figure 18.

Growth of piglets in the first week and first tw@eks after weaning onto diets containing dried skitk + fish meal
(Control DSM+FM), commercial heat-treated soya (SBSBM treated with acid (Acid-SBM), SBM treatedtwvacid and
protease from Aspergilus species (Acid-Protease-B@Noy protein concentrate (SPC; Danpro A-02)al@m Rooke et
al.,, (1998).

Dietary proteins, particularly the legume protemsp have antigenic properties. These may haverse effects on
intestinal morphology, on intestinal myoelectritigty affecting the rate of passage of digesta gravth of calves fed
milk replacers (Lalles, 1993). In the newly weapéthey have transient effects, reducing growtthe first week post
weaning, until tolerance is developed (Miller ef 4P94; Rooke et al., 1998; Figure 18). Similaggyabean meal and an
alcohol extract of soya bean meal (soybean molasaesed inflammatory responses in the distal imesf salmon
(Krogdahl et al., 2000). These reactions may ppatie to infections. In both calves and pigs theserse reactions may
be accompanied by diarrhoea and death. The atliergeoteins, glycinin anfl-conglycinin, in soya are resistant to normal
proteolytic digestion either in the abomasum ocestine. Both can be detected immunologically emdbodenum§-
conglycinin is most resistant to acid digestiothia stomach whereas glycinin is more resistarttérirnitestine and can still
be found in ileal digesta (Sissons & Thurston, 13&dles et al., 1999). Apparent N digestibilitythe calf of commercial
soya preparations varies greatly and is best petily the concentration of immunoreactseonglycinin (Lallés et al.,
1996). The antigenicity of these storage prote&im®t removed by normal solvent extraction, heptéind steam
desolventisation. They can be denatured by hat@agiethanol or by partial acid or enzymic hydrislys

Protein-rich feeds as sources of nutrients other than amino acids.

Protein concentrates are also a source of many otleents that should be taken into account wibemulating diets.
These include the major minerals, Ca, P, Na, Kyi@mins, including B, choline and vitamin D, and essential fatty acids
Consideration should be given to these nutrientalse they may be either beneficial or in somesceae be at such high
levels as to be detrimental and limit the includievel.

Fish meal and meat and bone meal are good sourcafcium and phosphorus, in an ideal ratio of @l these are of high
availability when included in diets for mammalsbirds. Plant protein concentrates have much ldexesls, especially of
calcium, with a ratio more in the region of 1:2urfhermore, the phosphorus is mainly present basnghytate so the total
phosphorus is about 1/3 available for poultry @sl.f The deficiency of calcium in both cereals ataht protein
concentrates is readily and economically correutithl limestone but supplementary phosphorus sowceexpensive.
The high level of phytate P also leads to high&h®&coutput and environmental pollution. Phosphasithe main cause of
eutrophication in agquaculture. In many countreggdlation limits the amount of P that can be dégobin manure on land.
This has given added impetus to the developmephytfase enzyme that can be added to the diet tmlyge phytic acid
and improve the availability. Consequently, digta levels can be reduced and less P is excrétealquaculture much of
the calcium requirements are obtained by uptaka tiee water but P must be supplied from the diet.
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The digestibility in fish of P from fish meal isrguisingly low and variable and appears also tanlersely related to the
ash content (NRC 1993). Replacing a small pathefish meal (51.8% reduced to 41.0% of diet) Rito6 soyabean
meal, or canola meal or peanut meal increasedrdiedigestibility of P from 21.5% to 40.6 - 43.4%he replacement
reduced total P from 1.74% to 1.5 -1.6%. If theasamount of P was absorbed this reduction in éeduld account for
an increase in true digestibility to 24.6%. Thechiarger increase in digestibility reflects a P@.ihcrease in the amount
absorbed despite replacing fish meal P with maphiytate P of zero digestibility (Riche & Brown, 299 The reduction in
calcium supply by substitution of the part of tighfmeal is the most likely cause of the improvigkstion of P.

Appetite or voluntary feed intake is important Ihspecies but especially so in aguaculture wheeel§ must first attract
fish or crustaceans and then be palatable to leptent. Amino acids, betaine and inosine appeacttas attractants.
Glycine, proline, taurine and valine appear to &egred by carnivorous fish while aspartic andayiic acids are
preferred by omvivorous fish (NRC, 1993). Trimdtgine and its oxidation products as well as higididised oil are
deterents for salmonids. Thus freshness of fighl irs the preparation of fish meal and stabilityhaf oil through use of
antioxidants are important factors for quality nseal

Protein-rich feeds as sources of anti-nutritional factors

The legume proteins contain protease inhibitorgire, tannins, phytates, antigenic proteins flatak factors
(oligosaccharides), and oestrogens (Huisman & Janst®91). To this list can be added high fibngstarch
polysaccharides) levels, which limit the inclusiemels in many situations, and contamination wicotoxins. The
brassicas contain glucosinolates, tannins, phgtadehave high fibre levels. The relevance of ifferént factors varies
with animal species. Processing is available & dith several of these problems - dehulling, imggtsolvent extraction,
addition of enzymes as is appropriate for the taaganal species. Plant breeding, as in producifatouble zero rapeseed
meal or canola meal, is another avenue. Referlemedeen made previously to the different susaéptibf calves, fish
and early-weaned piglets to antigenic proteins: dedh calves and fish the general principal isgreater the degree of
processing of vegetable proteins, with increaggatein content from meal to protein concentratprtiein isolate, the
better the performance but also the greater thiedest. The improvement may be due to removalrafraber of the
factors but the exact reason is not known. Evéamgusoya protein concentrate with 68% protein congd high
digestibility, growth of turbot and salmonids igificantly reduced when more than 50% of the fiskal protein is
replaced (Day & Plascencia Gonzalez 2000; Sveial.,€2001). Studies of digestibility of canolaah#or trout also
suggest that high levels of fibre, either alongvith phytate, result in poorer digestibility of peacn (Mwachireya et al.,
1999). Insoluble fibre increases the rate of mgesshrough the intestinal tract while soluble fibrereases the viscosity of
the digesta, reduces the diffusion of nutrientth&absorptive mucosa. Pea fibre has been shoinorease the flow of
water, mucus and endogenous N to the ileum of pldee endogenous N loss was best described as#@oiuof the water
holding capacity of the diet (Leterme et al., 1998tigenic proteins may also enhance the turnovéntestinal mucosal
proteins. Desquamated epithelial cells and muctisrmencourage the growth of bacteria in the tirtes Bacterial
degradation of this protein may result in produttid ammonia, which is absorbed and lost via urifirie endogenous
faecal N loss is then underestimated and digesfiloverestimated. In addition, and possibly afaer concern, is the
additional energetic costs of enhanced intestiraem turnover.
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