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VOORWOORD

Dit proefschrift is het resultaat van 4% jaar onderzoek bij de vakgroep Veevoeding. In
die 4} jaar vol mee- en tegenvallers is mij duidelijk geworden dat steun en gezelligheid
van collega’s onontbeerlijk zijn voor het behoud van ’lol in je werk’. Gelukkig heeft het
hieraan bij Veevoeding nooit ontbroken.

Enige mensen, die, elk op hun eigen wijze, een bijdrage hebben geleverd aan de
totstandkoming van dit proefschrift, wil ik met name noemen:

Allereerst natuurlijk mijn promotor, prof. dr ir M.W.A. Verstegen. Martin, jouw
suggesties en ideeén (hoewel vaak onverstaanbaar of onleesbaar) bleken (na
ontcijfering) altijd erg waardevol te zijn. Vat het niet persoonlijk op dat ik je tips voor
stellingen ("Melk moet mogen") niet heb benut.

Dr ir L.A. den Hartog, mijn co-promotor. Leo, jij bent vanaf het begin betrokken
geweest bij het onderzoek en je was van onschatbare waarde bij het na tegenslagen weer
’op de rails zetten’ van mij en m’n onderzoek.

Toen Leo vertrok naar Rosmalen nam dr ir B. Kemp veel van zijn klussen over,
waaronder mijn begeleiding. Bas, jouw felle inbreng, vooral op het statistische vlak heeft
mij veel verder geholpen. Uit resultaten, waar ik vaak kop noch staart aan kon
ontdekken, wist jij altijd listige theorieén te destilleren.

Ook Bas verliet de vakgroep na enige tijd (zou het aan mij liggen?) en werd opgevolgd
doaor dr ir M.W. Bosch. Marlou, jij hebt de laatste fases van het onderzoek meegemaakt
en daarmee waarschijnlijk ook de leukste discussies. Jouw praktische en concrete
instelling heeft me erg aangesproken, bovendien had dit proefschrift zonder jouw inzet
waarschijnlijk een hoofdstuk minder geteld...

Bij de proeven met gecannuleerde biggen heeft het ILOB een grote rol gespeeld. Met
name Joop Huisman, Piet van Leeuwen, Dick van Kleef en Kasper Deuring wil ik hierbij
hartelijk danken voor hun hulp. Martin van Baak en zijn lab-medewerkers hebben veel
werk verricht om de enzymanalyses van de grond te krijgen. Ook Martje Fentener van
Vlissingen heeft door haar bemoeienissen een belangrijke bijdrage geleverd aan mijn
ontwikkeling en aan dit proefschrift.

De medewerkers van proefaccomodatie De Haar waren altijd bereid mee te denken met
de praktische invulling van de proeven. De inzet van Jan Hagens, Ries Verkerk, André
Jansen en de anderen heb ik erg gewaardeerd.

Mijn paranimfen, Josien van de Kraats en Anrnemarie Zijlmans waren altijd beschikbaar
voor een praatje en een pafke, zodat ik mijn kleine frustraties en irritaties weer snel
kwijt raakte.

Ook alle andere medewerkers van de vakgroep hebben hun steentje bijgedragen aan dit
proefschrift door hun assistentie bij het siachten van ca 150 biggen en daor hun
aandacht en steun in voor- en tegenspoed. Bedankt hiervoor!

BisLiu kil
CANDROUWUNIVERSITELT
WACENINGEN
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STELLINGEN

I
Verschillen in schijnbare verteerbaarheid tussen ondermelkpoeder, sojaprodukten en
vismeel bij jonge biggen zijn voornamelijk te wijten aan verschillen in endogene stikstof-
verliezen.

(dit proefschrift)

II
De exocriene pancreas is niet de belangrijkste bron van endogene stikstof-verliezen bij
jonge biggen.
(dit proefschrift)

I
Onvoldoende overeenstemming met betrekking tot monster-bewaaromstandigheden en
enzymanalyses bemoeilijkt de interpretatie van literatuur-gegevens.
(dit proefschrift)

v
Bij jonge biggen is de voeropname na het spenen belangrijker dan de eiwitbron in het
voer voor de ontwikkeling van pancreas-protease-activiteiten.
(dit proefschrift)

A%
Het door Szabo et al (1976) beschreven effekt van omgevingstemperatuur op (pancreas)
enzymactiviteiten bij ad lib gevoerde varkens moet waarschijnlijk geinterpreteerd worden
als een effekt van voeropname.
(Szabd et al. (1976) Magyar Allatorvosok Lapja 31(5):325-328)
(dit proefschrift)



VI
"Het kweken van tomaten en het fokken van varkens gebeurt in Nederland op meer
wetenschappelijke basis dan het voeren van overheidsbeleid".

{A. Hoogerwerf, bestuurskundige TU Twente, in 'NOVA’, 19 maart 1993)

VII
De theorie, dat bepaalde karaktereigenschappen de kans op het krijgen van (ernstige)
ziektes kunnen vergroten, is vooral op humane gronden verwerpelijk.

VI
Positieve discriminatie van vrouwen bij sollicitaties leidt tot discriminatie van mannen die
een baan zoeken en tot discriminatie van vrouwen die een baan hebben.

IX
Het bezit van kennis zonder het vermogen tot kennisoverdracht is nutteloos.

X
Proefdieren schijnen te streven naar maximale variatie binnen proefgroepen, waardoor
veel dierfysiologische experimenten, gericht op verschillen tussen proefbehandelingen in
de war gestuurd worden.

Stellingen behorende bij het proefschrift van C.A. Makkink, getiteld "Of piglets, dietary
proteins, and pancreatic proteases’.

Wageningen, 3 juni 1993




Fiir das *N-Experiment beschrieben in Kapitel Il waren der persdnliche Einsatz und die
Begleitung von Dr Th. Heinz und Dr W.B. Souffrant fiir mich von groBem Belang.
Vielen Dank dafiir!

I also want to acknowledge the work of dr George Puia Negulescu from Roumania and
Dr Qin Guixin from China who participated as guest workers. Niki and Qin, I really
enjoyed working with you, we were a great team!

Natuurlijk waren ook de studenten en stagiaires onmisbaar voor het welslagen van de
proeven. In volgorde van opkomst: Lucette van der Westerlaken, Petra van Oosterbosch,
Nancy Nieuwenboom, Sander Huitink, Piet Donkers, Pierre Berntsen, Brigitte op den
Kamp en Rody de Wolf. Bedankt voor jullie inbreng en betrokkenheid.

Al met al kijk ik met veel plezier terug op mijn AIO-tijd, en daarvoor bedank ik
jiedereen (al dari niet met name genoemd) die daarbij betrokken was.

Carolien
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Makkink, C.A., 1993. Of piglets, dietary proteins, and pancreatic proteases (Van biggen,
voereiwitten en pancreas proteases).

Newly weaned piglets often show digestive disorders, frequently resulting in diarrhoea.
These disorders may be related to the dietary protein source, since young piglets are less
capable of digesting proteins of vegetable origin than older pigs. This study was
undertaken to investigate the development of protein digestive capacity in weaned
piglets. In the first part of the thesis it was established that the difference in nitrogen
digestibility between milk, soya and fish proteins was mainly due to differences in
endogenous nitrogen losses and not to differences in true digestibility. In the second
part, the pancreatic protease activities of newly weaned piglets fed various dietary
protein sources was investigated. It was found that dietary protein source affected trypsin
and chymotrypsin activities in pancreatic tissue and jejunal digesta, however, these
differences could not explain the differences in endogenous nitrogen losses. It is more
likely that other sources of endogenous nitrogen, e.g. the small intestinal wall, are
responsible for the differences in protein digestibility observed in young pigiets.
Furthermore, it was concluded from the experiments described in this thesis, that post-
weaning feed intake has a greater effect on the development of pancreatic enzyme
activities than dietary protein source per se. Young piglets are capable of increasing their
pancreatic secretion in response to appropriate stimuli. Stimulating post-weaning feed
intake may help to smooth the development of protein digestive capacity in young
piglets. In this respect, feed intake patterns may be at least as important as quantitative
feed intake.

Ph.D. thesis. Department of Animal Nutrition, Agricultural University, Haagsteeg 4, 6708
PM Wageningen, The Netherlands.
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Chapter [

General

The first food that a newborn piglet ingests is colostrum from the sow. Until weaning
milk is the major source of nutrients. Young piglets are very well capable of digesting
nutrients from colostrum and milk immediately after birth.

Half a century ago, piglets were normally weaned between 8 and 12 weeks of age
(Linton, 1927), gradually increasing their solid feed intake. Nowadays, weaning has moved
to an earlier age (3 to 4 weeks) so as to increase sow productivity. Developments in the
preparation of weaner diets (milk replacers) have enabled the piglet to be weaned at this
age.

However, after weaning at 3 to 4 weeks of age, growth checks and digestive disorders are
often experienced in modern piglet rearing. The causes of these problems concerning
newly weaned piglet performance are many-fold. Weaning includes various stress factors
for the young piglet. The change to a new environment imposes climatic stress factors
upon the young piglet. Especially the nutritional challenge is a crucial aspect of weaning,
The withdrawal of sows milk is an important factor in the process of weaning, not only
from a nutritional point of view {composition of sows milk with respect to easily
digestible nutrients) but also in a behavioral and immunoclogical sense {Stanton and
Mueller, 1976).

The piglet must learn to consume a solid weaning diet of a completely different texture,
temperature, smell, taste and composition compared to sows’ milk.

Protein is the most expensive nutrient in pig feeds, especially when milk proteins are fed.
Because milk products will be less available in the future, attempts are made to decrease
the proportion of milk proteins and increase the amount of vegetable protein sources in
post-weaning pig diets. The incorporation of large amounts of non-milk proteins,
however, often leads to digestive disorders in young piglets (Cline, 1991).

The adaptation of the piglet’s digestive system to different protein sources is a very
complex process. Adaptation must occur with respect to pH regulation (acid secretion
in the stomach and alkaline secretions from the pancreas, gall-bladder and small
intestine), enzyme secretions (stomach, pancreas, small intestine), motility (gastric
emptying, passage rate of digesta in different parts of the gastrointestinal tract) and
absorption (transport mechanisms) (Schnabel, 1983; Seve, 1985; Cline, 1991).

The digestion of the diet depends not only on dietary factors (energy/protein content,
antinutritional factors, (non)essential amino acids) but also on factors concerning the
animal that consumes the diet (age, breed, weaning circumstances, health status, sex).
Environmental factors (temperature, humidity, hygiene) also play a part in digestion and
performance.
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Chapter 1

In current practice, the piglets are introduced to creep feed from one or two weeks of
age onwards. Creep feed is usually based on milk proteins and contains easily digestible
carbohydrates and fats. '

About one week before, or sometimes just after weaning, other protein sources are
incarporated in the piglets’ diet. The shift from milk protein to other dietary proteins can
put too great a strain on the piglets’ immature digestive system. This can lead to growth
depression and/or (post weaning) diarrhoea.

Digestion of Different Protein Sources in Piglets of Different Ages

Protein digestion is usvally measured as apparent faecal nitrogen digestion. Especially
with newly weaned piglets, not many data are available on ileal nitrogen digestibility, let
alone on true nitrogen digestibility. Individual housing and intestinal surgery are more
difficult for young piglets than for growing swine and this complicates ileal and true
digestibility studies in piglets.

In this thesis the term "digestibility” will apply to apparent faecal digestibility unless stated
otherwise.

In young piglets, the difference in digestibility values between vegetable and animal
protein is cansiderable. Soy proteins, e.g., are not digested to the same extent as milk
proteins (Wilson and Leibholz, 1981¢). Later in life, pigs are more capable of digesting
protein sources from plant origin (Combs ef al., 1963; Van de Kerk, 1982). The fact that
the difference in digestibility between animal protein and vegetable protein sources
decreases with advancing age of the piglets (Table 1) leads us to believe that the
’developmental or adaptational state’ of the piglet is the bottle neck in the digestion of
protein. If we want to look into the causes of depressed digestion more closely, we have
to consider the process of protein digestion in more detail.

There are different sites in the gastrointestinal tract of the pig where problems can occur
when overall protein digestion is disturbed. Firstly, feed intake can be depressed as often
occurs during the early post-weaning period, Feed intake is affected by palatability of the
feed, texture of the feed (pellets, meal, slurry), physical properties (peliet size and
hardness) and generally by familiarity of the feed to the animal and by well-being of the
animal.

Also, the interaction between the solid diet and the piglet’s digestive tract is important:
the physical and chemical characteristics of the post-weaning diet may affect the integrity
of the small intestinal mucosa leading to villus atrophy and malabsorption. This gut wall
damage may then lead to depressed feed intake.

11



Chapter 1

An important role in protein digestion is played by the stomach. In the stomach, acid and
proteolytic enzymes are added to the feed and clot formation occurs depending on the
type of ingested protein. Gastric emptying patterns determine the release of gastric
contents into the small intestine and thus affect the intestinal digestion of protein.

In the duodenum, pancreatic juice and bile are added to the chyme. Pancreatic juice
contains bicarbonate, which serves to buffer the acid contained in the digesta leaving the
stomach. The intestinal pH needs to be elevated because the optimum pH for activity of
the pancreatic proteases lies around 8. The pancreatic proteases continue the breakdown
of proteins which was initiated in the stomach. Pancreatic enzyme synthesis, secretion and
activation should respond to the substrates (e.g., type of dietary protein) presented in the
digesta so that adequate digestion of nutrients is ensured.

The protein digestion by intestinal peptidases in the small bowe] coincides largely with
absorption since many intestinal proteases are attached to the gut wall so that products
of hydrolysis can be absorbed directly. An intact gut wall mucosa is of course a
prerequisite for undisturbed absorption of nutrients. Gut wall damage is a common
finding during the early post-weaning period in pigs (Nabuurs, 1991). Villus atrophy and
crypt hyperplasia hamper digestion and absorption in the small intestine of newly weaned
piglets.

A disturbed digestion and absorption leads to an excess of nutrients in the lower small
intestine. This may lead to serious alterations in the pig’s microflora, resuiting in
proliferation of pathogens and probably digestive disorders.

Thus, it is clear that the causes of inadequate protein digestion can be many-fald, since
the digestion of protein is the result of many processes occurring during the passage of
food through the digestive tract. These processes cannot be considered independently
since their interrelationships form the basis for proper protein digestion.

In the next paragraph a description is given of the process of protein digestion in the
digestive tract of the pig.

12




Chapter 1

Table 1 Apparent faecal digestibility (protein/N) of diets based on different protein
sources in young piglets.

age (weeks or days) protein source;

or weight (kg)
of the piglets; skimmed soya- soya isolated
at during milk  casein bean protein soya fish
ref. weaning  exp. powder meal conc. protein meal
I 15 d. 3-4 wks 79.1 73.8 70.7
15d. 5-6 wks 81.6 759 69.6
15d. 7-8 wks 85.7 850 83.7
2 gd. 25-29 4. 94 47
3d. 25-294d. 93.97
3d. 25-29d. 94.19
3 21 d. 3-5 wks 863 823
4 4-5d. 28d. 08.6 822 89.1
4-5d. 144d. 96.8 93.7
4-5d. 354 98.3 95.7
5 4.7 kg 83 79.7 836
6 21 d. 28 4d. 80 72
21d.  41d. 86 78
7 5wks 5-7 wks 91.75
8 ? 20-22 kg 76
9 21 4. 4 wks 89.89 71.42
21d. 8 wks 95.72 88.12
7d. 2 wks 68.27 65.64
7d. 4 wks 88.16 69.23
7d. 6 wks 89.22 74.58
1¢ 10 d. 18-23 d. 95 77
10 d. 38-43 d. 96 83
11 214, 32-354d. 96.09 93.20
39-42 d. 96.35 93.15
46-49 d. 95.91 89.96
53-56 d. 93.96 9424
32-56 d. 95.57 93.63
12 5-11d. 12-16d. 93.0
5-11d. 16-204d. 94.6
5-11d. 20-24 d. 92,2
5-11d. 24-28d. 92.1
5-11d. 28-32d. 94.0
5-11d. 32-364d. 93.1
5-11 d. 36-404d. 95.5
5-11d. 12-40 4. 93.5
13 24d. 23-51 4. 93.7 74.0
14 10-14 d. 95.6
15 21 d. 25-35 4, 92.61 80,06 90.69 90.95
16 21d. 42 d. 83.7 762 B80.8 80.6

References: 1=Combs gt al. (1963), 2=Watkine & Veum (1986}, 3=Etheridge et al. (1934), 4<=Wilscn & Leibhols (1981c),
E=Li et al. {1689), B=Christison & Parra de Solano (1982), 7=Moughan et al. (1989}, 8=Green & Kiener (1989), 9=Pekas
et _nl. (1964), 10=Hays gt al. (1959), 11~Sewell & Went (1065}, 12=Decuypere ot ], (1081), 13=Sherry et al. {1978),
14=Zsmora et al. (1979), 15=Schn & Maxwell (1950), 16=Walker et al. (1986)
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Chapter 1

The Course of Protein Digestion

A simplified diagram of protein digestion in monogastrics is given in Figure 1.

DIGESTION
h

HCl W
gastric

proteases

HCO 3
pancreatic
proteases

intestinal

peptidases

FERMENTATION

Figure 1. A schematic overview of the sites of digestion and absorption of protein in the
digestive tract of pigs. O=0Oesophagus, S=Stomach, P=Pancreas, L=Liver,
G=Gallbladder, D=Duodenum, J=Jejunum, [=Ileum, Ca=Caecum, Co=Colon.

The digestion of protein is accomplished by the action of different enzymes along the
gastrointestinal tract. An overview is given in Table 2.
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Chapter I

Table 2 Prateolytic enzymes secreted from different sites along the gastrointestinal tract.
site enzyme pH optimum specificity
mouth/satival - - -
stomach? chymosin 6.3 milk clotting
3.5 protealysis
pepsin 6.3 milk ¢lotting
2.0 proteolysis at N-side of LEU, ASP,

GLU, PHE, TYR and TRP,
not at C-side of PRO

gastricsin 6.3 milk clotting
3.0 proteolysis
ducdenum3*5 trypsin 7.5-8.5 proteolysis at C-side of LYS, ARG (and AECYS),
(pancreas) not at N-side of PRO
chymotrypsin 8 proteolysis at C-side of PHE,
TRP, TYR, MET, GLU, ASP and LEU,
not at N-side of PRO
carboxy- 7.5-8 proteolysis at N-side of C-terminus (PHE, TYR,
peptidases TRP, ARG and LYS)
elastase 7.5-10.5 proteolysis at C-side of ALA and GLY
(aliphatic amino acids)
small
intestine® endo- 7.0-7.5 proteolysis, near hydrophobic aminoacids
{gut wall} peptidases
amino- 7.0-7.5 proteolysis, neutral amino acids at N-terminus
peptidase
carboxy- 7-9 proteolysis, mainly PRO, at C-terminus
peptidases
1 Kidder and Manners, 1972; Low and Zebroweka, 1980
Sangild, 1660
Rinderknecht, 1986; Kidder and Manners, 1972; Wood et al., 1974
4 Walsh, 1970
Wilcox, 1970

Rerat and Corring, 1991

According to Kidder and Manners (1972) and Low and Zebrowska (1989) pig saliva does
not contain any proteolytic enzymes. Protein digestion in pigs starts in the stomach
through the combined action of acid and proteolytic enzymes. Young (suckling) piglets
secrete only small amounts of pepsinogen and hydrochloric acid (Sangild, 1990). Initially,
the only protein source for the suckling piglet is sow’s milk. Gastric digestion of milk
proteins is a specific process, characterized by the clotting of the milk (casein) by
chymosin (rennin) action. Non-milk proteins will not coagulate in the stomach although
some acid-induced precipitation may occur. Milk (lactose) is also fermented by
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Chapter [

lactobacilli in the young piglet’s stomach, resulting in lactic acid accumulation (Cranwell,
1990).

An undisturbed gastric function depends on animal factors (acid and enzyme secretion,
gastric emptying) and on aspects of the feed (buffering capacity, bulkiness, solubility, clot
formation). These factors cannot be considered separately because they interact, e.g., a
high dietary buffering capacity increases the requirements for acid secretion.

The digestion of protein is continued by the proteolytic action of enzymes secreted by the
pancreas. The pH of intestinal contents is raised through the secretion of HCO,™ by the
pancreas. The secretion of pancreatic juice is regulated by nervous and endocrine
mechanisms (Solomon, 1987).

Some hormones and peptides affecting pancreatic secretion are listed in Table 3.

Table 3 Some hormones and peptides affecting pancreatic secretion (Solomon, 1987;
Langlois ¢t al., 1989; Brannon, 1990; Croom ef al., 1992)

hormeone/peptide effect stimulus
secretin stimulates secretion of unbuffered H*
fluid and bicarbonate in duodenum
cholecystokinin-PZ stimulates secretion of intraluminal peptides, H*,
proteases and growth of pancreas fatty acids, cations,

trypsin inhibitors
pancreatic polypeptide decreases pancreatic enzyme and
bicarbonate output, ?
no effect on juice flow
gastrin stimulates secretion of enzymes stomach distention,
intragastric peptides or
amino acids (?)
chymodenin stimulates chymotrypsinogen secretion ?

(entero)glucagon inhibits pancreatic secretion ?

vasoactive intestinal peptide stimulates secretion of bicarbonate  vagus nerves (+)

somatostatin decreases gastrointestinal tract
motility, blocks HCI and bile vagus nerves (-)
secretion, inhibits absorption splanchnic activity {(+)

16




Chapter I

Secretin and CCK-PZ (cholecystokinin-pancreozymin) are the most important hormones
in the regulation of pancreatic secretion (Solomon, 1987; Croom et al., 1992). The end
products of pancreatic protein digestion are mainly peptides.

It is penerally accepted that activation of pancreatic zymogens occurs through the action
of enterokinase secreted by the duodenal wall and of trypsin from the pancreas itself.
The presence of end products of pancreatic protein digestion in the intestinal lumen is
recognized and communicated to the exocrine pancreas through various hormones and
peptides. Feedback mechanisms are very important in pancreatic regulation but the
precise (inter)actions of various hormones and peptides remains to be unravelled.
Small intestinal digestion of peptides is performed by the action of brush-border
peptidase enzymes (Low and Zebrowska, 1989). Absorption occurs simultaneously
because digestion is mainly established through peptidases attached to the intestinal
epithelium. Peptides can be hydrolysed at the luminal site and iransported as amino acids
or absorbed as peptides and hydrolysed in the cytoplasm of the enterocyte or absorbed
as peptides and transported into the circulation as such (Friedrich, 1989).

Nutrients that remain undigested and/or unabsorbed until the terminal terminal ileum are
subjected to fermentation by intestinal microbes. Excessive bacterial activity may lead to
formation of toxins and to proliferation of pathogenic bacteria.

Animal Factors Affecting Protein Digestion

1. pH

The pH in the different parts of the digestive tract influences the course of digestion of
nutrients in pigs and other animals.

Precursors of digestive enzymes are activated at specific pH-values. Digestive enzymes
have specific pH-optima at which their activity is highest (Table 2). Gastric proteolytic
enzymes have two pH-optima: 6.3 for milk-clotting and 2.0-3.5 for proteolysis (Table 2).
The pH in the digestive tract also affects microflora proliferation and thereby
fermentation of feed components (Banwart, 1981; Cranwell, 1990}.

Appropriate regulation of pH in the gastrointestinal tract is a prerequisite to ensure
optimal digestion of dietary protein and other nutrients.

The maintenance of an optimal pH in a certain part of the tract depends an the
buffering capacity of the feed or chyme entering that part of the tract and on the
secretory capacity of the pH regulating organs (stomach, pancreas, liver, small intestine).

17
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2. Enzyme secretion

The synthesis and secretion of proteolytic enzymes needs to be sufficient to digest the
amount and type of dietary protein offered to the animal. In the stomach of suckling
piglets, the clotting of milk-casein is an important aspect of digestion. Milk clotting
influences gastric emptying and thus ensures a more regular release of nutrients into the
gut (Sangild, 1990). Other protein sources (soya, fish) are hydrolysed differently: they do
not coagulate in the stomach and therefore their digestion probably depends more on
pancreatic enzymes (Pekas et al., 1964). Gastric proteolysis is low in young piglets and
increases with advancing age (Leibholz, 1981, 1986).

During suckling, exocrine pancreatic secretion remains low and is not stimulated by milk
ingestion (Pierzynowski, 1991). After weaning, the development of pancreatic enzyme
secretion is less clear: Some authors (Lindemann ef al, 1986; Owsley ef al, 1986) report
an initial decline in post-weaning trypsin and chymotrypsin activities in pancreatic tissue
and intestinal contents, presumably caused by 'post-weaning stress’ or by low post-
weaning solid feed intake. Others (Pierzynowski, 1991; Efird er al, 1982) find a
substantially higher pancreatic enzyme secretion or activity in the small intestine from
weaning onwards. Pierzynowski (1991) also found that the ingestion of solid feed after
weaning increases pancreatic secretion while milk ingestion during the suckling period
does not affect basal secretion. The effect of post-weaning feed intake (level and pattern)
on pancreatic enzyme synthesis and secretion is insufficiently clear yet.

3. Motility

The motility of the digestive tract is an important factor in digestion. Stomach emptying
and intestinal passage rate are affected by frequency of feeding (Braude et al., 1970) and
by dietary protein source (probably through clotting properties) (Maner et al., 1962;
Newport and Keal, 1983).

In pre-ruminant calves the composition of the diet is associated with small intestinal
motility patterns and diarrhoea (Duvaux, 1985). Feeding of cows milk resulted in a
normal motility pattern and no diarrhoea. Soy protein feeding resulted in diarrhoea and
abnormal motility patterns (increased number of regular spiking activity (RSA) episodes).
When milk was fed in combination with sucrose, calves developed diarrhoea and the
number of RSA’s decreased while fong periods of irregular spiking activity (ISA) were
found (Duvaux, 1985).

A relation between feed intake patterns and intestinal motility in newly weaned piglets
has been proposed by Sissons (1989) but experimental proof is still lacking.
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4. Absorption

The intestinal absorption of protein hydrolysis products has recently been reviewed by
Webb (1990). He concludes that small peptides are absorbed from the small intestine
more rapidly than free amino acids.

Temporary changes in intestinal wall structure (decrease in villus length and increase in
crypt depth) and malabscrption are common findings in newly weaned pigs (Hampson
and Kidder, 1986; 1.6fstedt, 1986; Nabuurs, 1991). The villus atrophy leads to an increase
in endogenous nitrogen losses and to malabsorption. The causes of villus atrophy and
crypt elongation are not sufficiently clear yet. Pre- and post-weaning feeding practices
may be associated with changes in gut wall morphology. Creep feeding resulted in deeper
crypts and partly prevented the shortening of villus and the decreased absorption after
weaning (Nabuurs, 1991). Deprez ef al. (1987) managed to reduce post-weaning villus
atrophy in newly weaned piglets by providing liquid (slurry) in stead of dry feed.
Relations between gut wall morphology and feed intake of newly weaned piglets are not
established conclusively vet.

It is clear that animal factors are of major influence on protein digestion. The different
factors mentioned in the foregoing paragraph are affected by the physiological status of
the pig (age, stress, health and disease).

Dietary Factors Affecting Protein Digestion

1. Buffering Capacity of Feedstuffs

The buffering capacity of feedstuffs is important for the pH regulation in the stomach.
The pH in the stomach should reach low values (2 to 4) to promote pepsinogen
activation and to inhibit bacterial growth. The stomach should excrete enough
hydrochloric acid to provoke this decrease of pH. Certain feedstuffs, especially protein
sources and mineral mixtures, require large amounts of acid to reach low pH values (see
Table 4).

If the stomach is deficient with respect to acid secretion, highly buffering agents in the
feed should be avoided.

In young animals, the lowering of pH in the stomach is supported by lactic acid
production by bacteria present in the stomach. Lactic acid bacteria grow on lactose,
which is an important ingredient of {(sows) milk. This is one of the reasons why milk
products are well digested by young piglets, despite of their high protein content (and
thus high buffering capacity).
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Table 4 Buffering capacity of different feedstuffs (mmol HCI consumption required to
reach pH 4 per 100 g original matter), (Bolduan et af., 1988)
feedstuff buffering capacity
skim milk (acid) 3.07
skim milk (fresh) 7.12
skim milk (dried) 66.37
wheat 8.99
barley 9.97
yeast 30.10
soyabean meal (extracted and toasted) 50.68
fish meal 60.38
mineral mixture 1260.50
starter for weaner piglets 30.00

In the stomach of unweaned piglets, enzymes are secreted which induce the clotting of
milk-casein (Sangild, 1990).

When the buffering capacity of the feed is too high, or when the acid production in the
stomach is too low, pH in the stomach will remain high, causing proliferation of bacteria
and insufficient activation of pepsinogen. Thus, the digestion of non-milk protein will be
depressed and bacteria can travel through the digestive tract exerting deleterious effects
further down the gut.

To prevent overburdening of the stomach during difficult periods (e.g. just after weaning)
diets should be formulated with relatively low buffering capacities or with organic acids
added (Bolduan er al, 1988). Increasing the frequency of feeding can also prevent
digestive problems in the stomach.

2. Protein structure
The structure of a protein can be described in terms of primary, secondary, tertiary and
quaternary structure (Pomeranz, 1991).
- primary structure: amino acids composition and sequence.
- secondary structure: spatial configuration by hydrogen
bonds.
- tertiary structure: three-dimensional organization by
disulphide bonds, hydrophobic bonds, hydrogen bonds between side chains,
electrastaticinteractions, dipole-dipole interactions, and charge-dipole interactions.
- quaternary structure: aggregation of protein subunits.
The amino acid composition of the protein determines its susceptibility to enzymatic
degradation, as illustrated in Table 2.
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The structure and spatial organization of a protein determines its functional properties
(solubility, stability over pH and temperature ranges) and therefore affects its digestibility
{(solubility, accessability towards enzymes).

3. Antinutritional factors

Antinutritional factors (ANF’s) can affect the digestion of nutrients through various
mechanisms. Trypsin inhibitors bind to trypsin and thus inhibit the digestion of protein
by removing active trypsin from the gut, by suppressing the activation of other zymogens
and by increasing the amount of endogenous nitrogen losses. Tannins bind to protein
molecules thus preventing the digestion of these proteins. Lectins bind to the gut wall and
hamper absorption of digestive end products. The effects of ANF’s on dietary protein
utilization have recently been summarized by Nitsan (1991).

4. Interactions between nutrients

A nutrient may interfere with the digestion of other nutrients in the diet. Carbohydrates
are known to interact with protein digestion (Sewell and West, 1965). Eggum (1973)
showed that lactose may improve protein utilization as well as intestinal pH, microflora
and intestinal vitamin synthesis. Thus, lactose influences protein digestion both directly
and indirectly.

From the foregoing paragraphs it can be concluded that protein digestion is affected by
dietary factors, animal factors and interactions between animal and dietary factors.

In this chapter different aspects of protein digestion have been outlined with special
reference to newly weaned piglets. The digestion of dietary protein is a multi-factorial
process affected by various animal and dietary factors. Digestive adaptation to the change
in dietary compaosition constitutes a major event during the early post-weaning period in
young pigs.

This thesis describes investigations performed with young piglets to elucidate the
physiological adaptations occurring at weaning with respect to the digestion of different
dietary protein sources.

Scope of the Thesis
The performance of young piglets (growth, feed intake, feed/gain ratio) depends on

several factors, e.g., age of piglets, environmental conditions (e.g. temperature), social
conditions (social order), feeding conditions (amount of feed, composition of feed) and
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stress factors.

An important aspect of the feed is the protein source: especially young piglets respond
differently to different protein sources. Proteins of animal origin are dealt with more
easily than vegetable proteins (Wilson and Leibholz, 1981a,b,c). This difference in protein
digestion diminishes with advancing age of the animals (Combs et al., 1963; Van de Kerk,
1982).

The research described in this thesis was undertaken to study the
development of the protein digestive capacity of young piglets during the
post-weaning period.

From the foregoing paragraphs it can be derived that the proximal digestive tract
(stomach and duodenum + pancreas) is of major importance for the digestion of dietary
protein. Digestive disorders resulting from poor protein digestion may be exhibited
further down the gut, e.g., bacterial proliferation due to excessive amounts of substrate
at the terminal ileum or diarrhoea at the faecal level. However, these (sub)clinical signs
will be preceded by digestive disturtbances occurring at the upper digestive tract.
Therefore, it is postulated that the proximal digestive tract organs (stomach and
pancreas) play a key role during the post-weaning adaptation period to a new dietary
(protein) regime. The process of adaptation of the stomach and pancreas with respect
to enzyme secretion and pH regulation will determine the development of (dietary
protein-related) digestive disorders often observed during the early post-weaning period.
Extending our knowledge on the digestive adaptation of newly weaned piglets may
provide nutritional tools to imprave post-weaning pig performance.
To investigate the role of the stomach and the pancreas in the development of post-
weaning protein digestive capacity of young piglets, the following aspects have been taken
into account:
] Endogenous nitrogen losses at the faecal and ileal level have been determined in
young piglets fed different protein sources to assess the causes of differences in
apparent nitrogen digestibility between protein sources (Chapter II).

[] Literature data on the role of the pancreas and its adaptation to various animal
and feed characteristics have been collected (Chapter III).

] Some analytical aspects of the determination of pancreatic trypsin and
chymotrypsin activity have been investigated (Chapter III and IV).

] The development of pancreatic trypsin and chymotrypsin activity in pancreatic

tissue and small intestinal digesta of newly weaned piglets fed different dietary
protein sources has been studied (Chapter V and VI).
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] Gastric protein breakdown and digestive tract pH related to the development of
protein digestive capacity have been examined (Chapter V and VI).

[ Jejunal wall morphology has been studied with respect to vilius length and crypt
depth (Chapter VI).

] Pancreatic secretion has been measured in response to intravenous and
intraduodenal stimuli (Chapter VII).

| Interrelationships between gastric protein breakdown, gastrointestinal pH,
pancreatic enzyme activities and nitrogen digestibility have been described
(Chapter VIII).

= The role of gastric function, pH, pancreatic enzymes and feed characteristics in

post-weaning piglet performance has been discussed (Chapter VIII).
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Summary

Fourteen pigiets, initially weighing 8 kg, were each fitted with a PVTC (Post Valvular T
Caecum) cannula and with two catheters, one in a jugular vein and one in a carotid artery. Each
piglet received one of four experimental diets containing either skimmilk powder (SMP),
soybean meal (SBM), soy protein isolate (SI) or fish meal (FM) as the sole protein source. The
diets were given in equal amounts at 12 h intervals. *N-L-Leucine was intravenously infused
continuously at a rate of + 40 mg '®N-L-Leucine per kg body weight per day. Apparent faecal
nitrogen (N) digestibilities were 94.0, 84.0, 90.8 and 89.1 % for the SMP, the SBM, the SI and
the FM diet, respectively. Daily endogenous faecal N losses were 315, 963, 715 and 697 mg for
diets SMP, SBM, SI and FM, respectively. True faecal N digestibilities were 97.3, 93.5, 98.1 and
96.4 % for diets SMP, SBM, SI and FM, respectively. Apparent ileal nitrogen (N) digestibilities
were 84.4, 76.5, 78.4 and 73.0 % for the SMP, the SBM, the SI and the FM diet, respectively.
Daily endogenous ileal N losses were 786, 1422, 1970 and 1558 mg for diets SMP, SBM, SI and
FM, respectively. True ileal N digestibilities were 92.7, 90.6, 98.4 and 89.3 % for diets SMP,
SBM, SI and FM, respectively. It was concluded that true N digestibilities were high for all four
protein sources, both at the ileal and at the faecal level. Differences in apparent N digestibility
were mainly caused by differences in endogenous N secretion.

Introduction

Apparently digested nitrogen at the terminal ileum is considered to be a good measure for
nutritional value of protein in the diet. The apparently undigested part, however, can arise from
either the feed protein or from endogenous protein (secreted enzymes, mucus, sloughed off
mucosal cells). To distinguish between endogenous and exogenous nitrogen, different methods
have been proposed (Souffrant, 1991). Until recently, protein free diets and regression
techniques have been used to measure endogenous nitrogen losses and thus calculate “true’
compared to apparent digestibilities (Souffrant, 1991). However, protein free diets and different
protein sources may itself lead to different levels of endogenous secretion (Huisman, 1990, De
Lange et al, 1989). To obtain results on endogenous secretion in normally fed pigs, the feed
nitrogen or nitrogen in the animal body can be labelled with a stable isotope in order to
distinguish between endogenous and exogenous nitrogen. From that true nitrogen digestibility
(also referred to as “real’ nitrogen digestibility) can be calculated (Souffrant, 1991).

Recently, the '*N infusion method for labelling the animal body nitrogen has been introduced
and evaluated (Souffrant et al, 1981, De Lange et al., 1990). With this technique a distinction
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can be made between endogenous and exogenous nitrogen at the faecal or ileal level
Endogenous nitrogen originates from different sources: saliva, gastric and pancreatic juice, bile,
gut wall secretions, sloughed off gut wali cells and bacteria. The precursor pools for all these
endogenous nitrogen sources cannot be analyzed separately. Therefore, it is important to have
an indicator which reflects the endogenous precursor pool. Urine is not suitable as such,
because the amount and composition of nitrogen containing substances in urine depends on the
utilization of orally ingested nitrogen by the animal. Whole blood and plasma contain also larger
molecules (proteins) which will not be used for the production of compounds to be secreted into
the lumen. The T'CA-soluble fraction of the blood plasma is considered to be the precursor
(amino acids, small peptides, urea) pool for synthesis of endogenous nitrogen. The secretion of
nitrogenous compounds originates thus from both intermediary protein conversion and from
absorbed nutrients (Herrmann er al., 1986, Souffrant ez al., 1981, 1986, 1991). The endogenous
nitrogen in digesta or faeces can be calculated through isotope dilution and hence true nitrogen
digestibilities can be calculated. Since secreted nitrogenous compounds can also be formed in
the enterocytes directly from absorbed resources, the endogenous nitrogen losses as measured
using the TCA-soluble plasma as the precursor pool will generally be somewhat underestimated.
The technique assumes comparable absorption of labelled and unlabelled amino acids. Also, the
extent of labelling of the endogenous nitrogen secretion should not change significantly during
the course of the experiment. However, because of the continuous (albeit slow) rise in body
protein labelling due to recycling of labelled amino acids, calculated endogenous N values tend
to be underestimated.

The measurement of endogenous N losses can give information on the causes of low apparent
digestibilities (either low digestibility of the feedstuff or high endogenous secretion by the
animal).

Especially with young animals, low apparent (nitrogen} digestibilities are sometimes found at
the ileal and the faecal level, especially when vegetable protein (e.g., soy protein) is fed in stead
of protein of animal origin (e.g., milk proteins).

Not much is known about the causes of low (apparent) digestibilities of different dietary protein
sources in young piglets. Digestibility of soy protein is lower for piglets than for older pigs,
digestibility of milk protein is high for pigs of all ages (Wilson & Leibholz, 1981a,b,c).

For the development of feeds for newly weaned piglets it is important to know endogenous
nitrogen losses and apparent nitrogen digestibility after weaning. An experiment was undertaken
to compare endogenous nitrogen losses in young piglets fed diets based on different protein
sources.

The method of infusion of *N-L-leucine was used to assess the endogenous N losses in the
faeces and at the distal ileum in young piglets. The '°N label will also appear in other (though
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not all) amino acids due to transamination.
Due to different levels of transamination, it is not feasible to measure the separate endogenous
amino acid losses.

Materials and Methods

Animals, diets and experimental scheme
Fourteen castrated male piglets (Great York, initial live weight 7.5 - 8.5 kg) were used to

measure apparent and true ileal nitrogen digestibilities of four different diets. Piglets did not
receive any creep feed during the suckling period. Piglets were weaned between 3 and 4 weeks
of age and housed individually on mesh floors, tethered to prevent cannula and catheter
damage.

Piglets were fed twice daily at 8.00 h and 20.00 h. Two piglets were fed the diet based on
skimmilk powder (SMP), three piglets were fed the diet based on soybean meal (SBM), six
piglets (four experimental and two spare piglets) were fed the diet based on soy isolate (SI) and
three piglets were fed the diet based on fish meal (FM). The diets were fed at a level of 380
g per day throughout the experiment (approx. 4% of live weight per day).

Composition of the protein sources and diets is given in Table 1 and 2. The diets were balanced
with regard to net energy, crude protein, crude fat, crude fibre and essential amino acids.
Chromium oxide at a level of 0.1 % was included as a marker for digestibility calculation.
After a 6 day ’cage adaptation’ period and an overnight fasting period, the piglets were
anaesthetized through inhalation anaesthesia (N,O, O,, halothane) and fitted with a "Post
Valvular T Caecum’ cannula (Van Leeuwen er gL, 1991) at an age of 4 to 5 weeks
(approximately 8 kg live weight). Immediately before surgery, lidocaine with epinephrine was
administered, subcutaneously and intramuscularly in the area of the incision. The flank area was
shaved and disinfected with a general disinfectant. An incision was made in the right abdominal
wall in the entera-paralumbar area and some distance above the mammary tissue. The caecal
apex and the terminal portion of the ileum were located, exteriorized and the caecum was
removed. The ileum and the large intestine at the site of the removed caecum was exteriorized.
The cannula barrel (internal diameter 19 mm, external diameter 24 mm) was placed through
the opening which was made not larger than necessary to aid in securing and positioning the
cannula barrel. Thus, surgery consisted of a caecectomy in which an opening for the cannula
appeared directly opposite the ileocaecal valve (Van Leeuwen et al, 1991),
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Table 1. Composition of the protein sources, nutrients, amino acids and trypsin inhibitor activity
protein saurce: SMP SBM SI FM
skimmilk soybean SOy protein fish
powder meal isolate meal
dry matter (DM), % 96.2 87.5 95.2 94,4
ash (% of DM) 8.3 7.1 4.1 13.8
crude protein (CP, % of DM) 35.4 52.6 89.5 75.8
ether extract (% of DM) 0.5 1.7 3.6 10.3
crude fibre (% of DM) 0.0 7.1 1.3 0.1
N-free extracts (% of DM) 55.8 315 1.5 0.0
Lysine (% of CP) 8.24 5.84 6.01 7.52
Threonine (% of CP) 423 3.72 3.66 4.04
Methionine (% of CP) 2.70 1.39 1.21 .01
Cystine (% of CP) 1.00 1.61 1.12 1.02
Tryptophan (% of CP) 1.30 1.22 1.04 0.96
Trypsin inhibitor - 3.64 6.27 -

(mg inhibited trypsin per g product)

4 4
Figure 1. Post Valvular T Caecum cannula in place (Van Leeuwen ef af., 1991).
A. directly after opening the cannula,
B. about 15 minutes after opening of the cannula
{ileocaecal valve protrudes into the cannula)
1. ileocaecal valve 2. caecum 3. colon 4, PYTC cannula
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Table 2. Diet composition
diet: SMP SBM SI FM
skimmilk soybean  soy protein fish
powder meal isolate meal
ingredien f
skimmilk powder (35.3 % CP) 45.50 - - -
soybean meal (48 % CP) - 34.40 - -
soy isolate - - 18.20 -
fish meal - - - 22.15
maize starch 29.60 39.84 52.79 52.91
dextrose 15.00 15.00 15.00 15.00
sunflower/say oil 2.00 2.00 2.00 0.50
cellulose 5.00 2.85 5.00 5.00
vit/min premix 100 1.00 1.00 1.00
ground Iimestone 0.80 1.35 1.40 0.75
mono Ca phosphate 0.50 2.10 2.20 0.60
salt - 0.50 0.50 0.10
KHCO,4 0.10 - 1.50 1.00
NaHCO,4 0.30 0.40 - 0.80
L-Lysin-Hel - 0.16 0.10 -
DL-Methionine 0.10 0.20 0.17 0.03
L-Threonine - 0.10 0.04 0.05
L-Tryptophan - - - 0.01
Cr, 0y 0.1 0.1 0.1 0.1
mposition
dry matter (DM) 91.0 89.8 90.7 89.6
nutrients (% in dry matter)
crude protein (CP) 16.9 13.4 17.6 18.4
crude fibre 4.1 57 4.2 4.4
LYS 1.39 1.21 1.14 1.3%
MET 0.56 0.48 0.40 0.59
CYS 0.17 0.30 0.20 0.19
THR 0.71 0.79 0.69 0.31
TRP 0.22 0.22 0.18 0.19
metabolizable energy (MI/kg DM) 16.63 16.51 17.00 17.30
net energy (MJ/kg DM) 11.64 11.56 11.90 12.11

This cannula allows nearly quantitative collection of ileal chyme (Kohler et ¢l., 1992). Figure 1
shows the location of the cannula. After surgery, a 7 days recovery period was allowed before
blood vessel catheterization. Catheters were placed in the external jugular vein (for continuous
N infusion) and in the carotid artery (for blood sample collection). After catheterization,
another 4 days recovery period followed before *N infusion started.
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The continuous intravenous *N-L-Leucine infusion was performed at a rate of approximately
40 mg **N-L-Leucine (95 % N enrichment) per kg body weight per day (Perfusor®-Secura-
Dauerinfusionsgeréit, Fa. B. Braun, D-3508 Melsungen). Two additional piglets on the SI diet
were excluded from "N infusion.

Sample collection and analysis

From the start of 1*N infusion quantitative faeces and urine collections were made daily. During
the first 6 days of infusion the PVTC cannula was closed. Apparent and true faecal N
digestibilities were determined from the ingested feed and the excreted faeces during these 6
days. Faeces were collected in plastic bags attached to the animals by means of a colostomy
system as used in humane medicine (Combihesive®-system, Squibb BV, NL 2285 VL Rijswijk).
Quantitative urine collections were made and twice daily aliquots were taken and frozen for
nitrogen determination. At day 7, 9 and 11 after the start of '®N infusion, ileal chyme was
collected for 24 hours per day. Digesta were collected, weighed and frozen hourly, pooled per
animal per day. Digesta and faeces were freezedried and ground (1 mm) before analysis. Feed
samples were also ground before analysis. Apparent ileal and faecal N digestibilities were
determined from the concentration of marker {Cr,O,) in feed and in digesta or faeces. Cr,O,
was analyzed in feed, digesta and faeces through flame atom absorption spectrophotometry
(Perkin-Elmer 300).

Trypsin inhibitor contents were analyzed according to Van Oort er al. (1989).

Blood samples were taken twice daily from the carotid catheter during feeding at 8.00 and 20.00
hours. After centrifugation (2500 rpm, 10 minutes), the supernatant was collected and blood
plasma protein was precipitated using 20% trichloroacetic acid (TCA). Total N was analyzed
in supernatant, precipitate, digesta, urine and faeces according to the Kjeldahl method. After
Kjeldahl-N-analysis, the amount of ®N was measured in the NH,Cl-solutions using an emission
spectrometer (Isonitromat 5201 or NOI-6, Fa. Statron, Fiirstenwalde, Germany).

The corrections for ileal and faecal endogenous nitrogen were made from the N enrichment
excess in TCA soluble fraction of blood plasma and in digesta or faeces during the days of '*N
infusion.The contribution of endogenous to total N in ileal chyme or faeces can be calculated
from the ratio of '®N enrichment excess in ileal chyme or faeces and in the blood TCA soluble
fraction, assuming that the N excess in the endogenous N and in the blood TCA soluble
fraction is similar. The calculations are carried out according to Souffrant et al. (1986) using the
following formula:
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Nt =

N /1 Nnn =

Nan = Nipg X =momen Nu i =
Necu Naow =

total N in chyme or faeces (g/day)

endogenous N in chyme or faeces (g/day)

I8N excess in chyme or faeces

®N excess in the TCA soluble fraction
of the blood

True nitrogen digestibilities were calculated from the apparent digestibilities by subtracting the
endogenous nitrogen from the total nitrogen recovered from faeces or ileal chyme.

Statistical analysis was done by one-way analysis of variance and Tukey multiple comparisons
{2=0.05) were used to compare means of experimental groups (Snedecor, 1956; Rasch et al,,

1978, SAS, 1985).

Results

In Figure 2, ¥®N enrichment excess in digesta, faeces, urine and TCA-soluble blood plasma
during '®N-L-leucine infusion is shown. After 6 days (=144 hours) of infusion, the percentage
enrichment levels off indicating sufficient labelling of animal body protein.

Results on faecal digestibilities and losses are presented in Table 3.
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Figure 2.

15N enrichment excess (%) in urine, faeces, ileal chyme and TCA -soluble plasma, soybean

meal diet (means of three animals),
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Table 3. Results of '*N infusion experiment, digestibility and endogenous losses, faecal data.

diet SMP SBM SI FM

rootMSE

number of piglets 2 3 5 3
apparent faecal
N digestibility (%) 94.0% 34.0b 90.7* £9.1* 1.75
number of piglets 2 3 4 3
endogenous faecal N
mg/day 315b 963* 71580 6974 204.7
endogenous faecal CP
g/100 g DM intake 0.56° 1.77% 1.30%° 1.282k 0.372
endogenous faecal N
£/100 g N intake 3.4b 9.6 7.4% 7.2% 2.06
endogenous faecal CP
mg/kg LW 174P 561° 42580 404%0 120.8
true faecal
N digestibility (%) 97.3% 93,50 08.1° 96.4* 0.78

Means within a row bearing the same superscript do not differ (Tukey, p>0.05)
" different number of pigleta for apparent digestibility is caused by inclurion of ote of the two
spare piglets without ““N-infusion on the SI-diet.

Apparent faecal N digestibility was highest in piglets fed the SMP diet (94.0%) and lowest for
the SBM diet (84.0%). Apparent faecal N digestibilities for the SI and FM diets were
intermediate (90.8 and 89.1%, respectively). Endogenous N losses at the faecal level were lowest
for the SMP diet (315 mg/d) and highest for the SBM diet (963 mg/d). Endogenous N losses
on the SI and FM diets were intermediate (715 and 697 mg/d, respectively). True faecal N
digestibility was highest for the S1 and SMP diets (98.0 and 97.3%, respectively) and lowest for
the SBM diet (93.5%). True faecal N digestibility was lowest on the SBM diet (93.5%). True
faecal N digestibility on the FM diet was intermediate (96.4%). True faecal N digestibilities
were high (> 90%) on all diets.

Data on ileal digestibilities and N losses are given in Table 4.

Apparent ileal N digestibility was highest with the SMP diet (84.4 compared to 78.4, 76.5 and
73.0 % for the SI, the SBM and the FM diet respectively). Endogenous N losses at the terminal
ileurn were about twice as high with the SBM diet and the FM diet compared to the SMP diet,
resulting in almost similar true ileal N digestibilities for the three diets (92.7, 90.6 and 89.3 %
with the SMP, the SBM and the FM diet, respectively).
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