
1209

Asian-Aust. J. Anim. Sci. 
Vol. 22, No. 8 : 1209 - 1223 

August 2009

www.ajas.info

The Concept of Standardized Ileal Amino Acid Digestibilities: 
Principles and Application in Feed Ingredients for Piglets

R. Urbaityte1, * 2, R. Mosenthin1, * and M. Eklund1

* Corresponding Author: R. Mosenthin. Tel: +49-711-459-23938, 
Fax: +49-711-45 9-22421, E-mail: rhmosent@uni-hohenheim.de
2 Lithuanian Veterinary Academy, Kaunas 47181, Lithuania. 
Received August 25, 2008; Accepted January 26, 2009

1 Institute of Animal Nutrition, University of Hohenheim, Stuttgart 70593, Germany

ABSTRACT :In this review, the terminology that is used to describe ileal amino acid (AA) digestibilities in piglet feed ingredients is 
defined. If one accepts that the determination of AA digestibilities should be based on the ileal analysis method, one should consider that 
ileal digesta contains variable amounts of endogenous crude protein (CP), which originates mainly from digestive secretions, sloughed- 
off epithelial cells and mucins. The ileal endogenous CP and AA losses are separated into basal ileal endogenous CP and AA losses 
(IAALB), which are not influenced by the feed ingredient composition, and specific ileal endogenous CP and AA losses (IAALS), which 
are induced by feed ingredient characteristics such as level and type of fiber and anti-nutritional factors (ANF). Depending how ileal 
endogenous CP and AA losses are considered in the measurement of CP and AA digestibilities, digestibility values are expressed as 
apparent (AID), standardized (SID), or true (TID) ileal digestibilities of CP and AA. The main concern associated with the use of AID 
values in diet formulation for pigs is that they are not additive in mixtures of feed ingredients. Consequently, the concept of standardized 
ileal CP and AA digestibilities was introduced by correcting AID values for basal ileal endogenous CP and AA losses (IAALB). The 
correction for both IAALB and IAALS yields TID values, however, routine procedures to measure IAALS are not yet available. In 
principle, SID values should be preferred, because they represent the fundamental properties of the feed ingredient. There exist only few 
reports on SID of CP and AA in feedstuffs frequently used in piglet nutrition. These include soybeans (SB), soybean meal (SBM), soy 
proteins (SP), soy protein concentrate (SPC), soy protein isolate (SPI), corn gluten (CG), wheat gluten (WG), pea protein (PeaP), potato 
protein (PotP), fish meal (FM) and whey proteins (WP), but the results obtained are inconsistent. Differences in SID values within feed 
ingredients may, at least in part, be attributed to different processing conditions or inherent differences of the assay feed ingredients. 
Moreover, there is some evidence that the determination of SID values and IAALB in piglets may be confounded by the dietary CP level 
of the assay diet, age and (or) body weight (BW), the level of feed intake or the methodological approach used to determine IAALB. 
(Key Words : Amino Acids, Piglets, Standardized Ileal Digestibility, Protein Supplement)

INTRODUCTION

Feed costs represent at least 55 to 65% of the variable 
costs in swine production, and play a major role in 
determining the profitability of a swine enterprise, 
especially in view of recent increases in feed costs 
(Yacentiuk, 2001; FAO, 2008). Diets which accurately 
match the piglefs protein requirement rely, firstly, on the 
exact knowledge of the animal’s requirement for 
indispensable amino acids (AA) and, secondly, on a precise 
description of feed ingredients in terms of their capacity to 
supply these AA for maintenance and growth (Williams, 
1995).

The protein quality among feed ingredients varies 

considerably (Knabe et al., 1989; Yin et al., 1993), and is 
governed by the AA composition and ratios of 
indispensable AA, as well as the susceptibility of the 
protein to be hydrolyzed during digestion (Friedman, 1996). 
Feed processing is considered to be a major factor which 
may influence protein quality including digestibility and 
bioavailability of AA (Camire et al., 1990; Singh et al., 
2007). Since measurements of AA availabilities are 
considered to be time-consuming, labor-intensive and 
expensive, the determination of AA digestibilities at the 
ileal level has proven to be a more suitable approach 
(Mosenthin et al., 2000). Moreover, there is a general 
agreement that the expression of standardized ileal 
digestibilities (SID) of crude protein (CP) and AA has 
advantage over apparent (AID) and true (TID) ileal CP and 
AA digestibilities, because SID represent the fundamental 
properties of the individual feed ingredient (Mosenthin and 
Rademacher, 2003). In this context, a careful assessment of 

http://www.ajas.info
mailto:rhmosent@uni-hohenheim.de


1210 Urbaityte et al. (2009) Asian-Aust. J. Anim. Sci. 22(8):1209-1223

SID of CP and AA is critical for evaluating the protein value 
of feed ingredients for piglets (Stein et al., 2007).

The SID of CP and AA can be obtained by correcting 
AID values for basal ileal endogenous CP and AA losses 
(IAALB) (Stein et al., 2007). As a result, measurements of 
SID, in contrast to AID, have proven to be nearly 
independent of the dietary CP and AA contents in assay 
diets fed either to grower-finisher pigs (Fan et al., 1995a) or 
piglets (Eklund et al., 2008b). Thus, SID values have been 
shown to be additive in mixed diets for grower-finisher pigs 
(Stein et al., 2005).

Estimates of SID have been generated for most feed 
ingredients in grower-finisher pigs (NRC, 1998; AmiPig, 
2000; Rademacher et al., 2001; Pedersen and Boisen, 2002; 
CVB, 2003; GfE, 2008), whereas corresponding SID values 
for piglets hardly exist. Piglets are assumed to have a 
limited capacity for CP digestion and AA absorption 
(Pluske et al., 1997; Hedemann and Jensen, 2004). In 
addition, factors such as body weight (BW) and (or) age 
(Caine et al., 1997a,b), and the level of feed intake (Moter 
and Stein, 2004; Diebold et al., 2005) may affect AID, SID 
and IAALB in pigs. Therefore, it remains open, whether SID 
of CP and AA determined in feed ingredients for grower
finisher pigs can be used in diet formulation for piglets as 
well.

This review aims to summarize the principles of the 
concept of SID of CP and AA and its impact on protein 
evaluation in feed ingredients for piglets.

EXPRESSION OF CRUDE PROTEIN AND 
AMINO ACID 미GESTIBI니TIES

Tot이 tract digestibilities
The digestion of AA in the large intestine is the result of 

microbial activity (Sauer and Ozimek, 1986; Mosenthin and 
Rademacher, 2003). The disappearance of AA from this part 
of the digestive tract would not be necessarily a problem if 
disappearance represented absorption of AA (Mosenthin 
and Rademacher, 2003). However, CP digestion through 
microbial activity does not contribute to maintenance or 
tissue accretion, because the absorbed end-products of 
microbial fermentation are ultimately excreted in the urine 
(Mosenthin and Sauer, 1992). Since AA are only absorbed 
proximal to the distal ileum, ileal digestibility 
measurements represent more accurate estimates of AA 
bioavailabilities than fecal AA digestibilities (Sauer and 
Ozimek, 1986).

Ileal digestibilities
Apparent ileal digestibilities : The AID of CP and AA 

are defined as the net disappearance of ingested dietary CP 
and AA from the digestive tract proximal to the distal ileum 
(Tanksley et al., 1981; Sauer and Ozimek, 1986). AID 

values are calculated from the flow and composition of 
digesta at the distal ileum of pigs by determining the 
difference between the total ileal outflow of AA and the 
dietary intake according to the following equation:

AID (%) = ((CP or AA intake-ileal CP or AA recoveries) 
/CP or AA intake)x 100%

The expression ‘apparent’ is used to emphasize that both, 
non-digested dietary CP and AA, and CP and AA of 
endogenous origin that are secreted into the gastrointestinal 
tract without being re-absorbed, contribute to the total ileal 
outflow (Stein et al., 2007). A primary concern with the use 
of AID values in diet formulation and feed evaluation is the 
lack of additivity of AID values in the formulation of 
complex diets (Stein et al., 2005).

Ileal endogenous losses: Ileal endogenous losses of AA 
represent AA that are present in endogenously synthesized 
CP (nitrogenx6.25) secreted into the intestinal lumen, and 
which have not been digested and re-absorbed before 
reaching the distal ileum (Tamminga et al., 1995; 
Hodgkinson and Moughan, 2000). Mucoproteins, sloughed 
cells, serum albumin, digestive enzymes, amides, and 
ingested hair as well as microbial CP contribute to 
endogenous CP losses (Souffrant, 1991; Nyachoti et al., 
1997). The ileal endogenous losses of CP and AA can be 
divided into basal (non-specific) ileal endogenous CP and 
AA losses (IAALB) and specific ileal endogenous CP and 
AA losses (IAALS) (Jansman et al., 2002).

The IAALB represent the minimum quantities of AA 
inevitably lost by the animal (Stein et al., 2007). These 
losses are considered to be related to the physical flow of 
feed dry matter (DM) through the digestive tract and (or) 
the animal’s metabolic state, but are not influenced by diet 
composition (Stein et al., 2007). The IAALB can be 
measured by feeding i) a CP-free diet, ii) a diet 
supplemented with a highly digestible CP source such as 
casein or wheat gluten, iii) a diet based on enzyme- 
hydrolyzed casein plus ultra-filtration of the digesta, or iv) 
can be estimated by using different regression analysis 
methods (Jansman et al., 2002). For piglets, values for 
IAALB are summarized in Table 1 (Eklund et al., 2008a,b).

The IAALS are influenced by diet ingredients 
composition such as content and type of fiber and anti- 
nutritional factors (ANF) including trypsin inhibitors (TI), 
lectins or tannins (Jansman et al., 1995; Schulze et al., 
1995). There are no routine procedures available to measure 
IAALS in pigs. However, it is possible to calculate IAALS 

by estimating total (basal plus specific) ileal endogenous CP 
and AA losses (IAALT) and then subtracting the IAALB 

from IAALT. Procedures used to estimate IAALT include 
the homoarginine method (Rutherfurd and Moughan, 1990) 
and isotope tracer dilution techniques (de Lange et al.,
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amino acids (g/kg DM) in piglets
Table 1. Basal ileal endogenous losses of crude protein and amino acids (g/kg DMI) and dietary threshold levels of crude protein and

Item Basal ileal endogenous losses (g/kg DMI) Threshold level3 (g/kg DM)
Regression analysis1 Casein2

CP 9.3 16.3 176.3
Indispensable AA

Arginine (Arg) 0.4 0.5 6.6
Histidine (His) 0.2 0.3 5.1
Isoleucine (Ile) 0.2 0.5 8.4
Leucine (Leu) 0.5 0.8 15.9
Lysine (Lys) 0.4 0.7 12.3
Methionine (Met) 0.1 0.2 4.8
Phenylalanine (Phe) 0.4 0.6 9.5
Threonine (Thr) 0.6 0.9 8.5
Tryptophan (Trp) 0.1 0.2 1.9
Valine (Val) 0.4 0.7 10.9

Dispensable AA
Alanine (Ala) 0.5 0.7 5.4
Aspartic acid (Asp) 0.7 1.1 12.4
Glutamic acid (Glu) 0.9 1.8 35.0
Glycine (Gly) 0.8 0.8 3.9
Proline (Pro) 0.6 0.9 22.0
Serine (Ser) 0.6 0.8 9.3

1 Eklund et al., 2008b; 2 Eklund et al., 2008a; 3 Eklund, 2007.

1990; Leterme et al., 1998).
True ileal digestibilities: The TID, also referred to as 

real ileal digestibilities (de Lange et al., 1990; Souffrant, 
1991), reflect the proportion of the dietary AA that 
disappears from the digestive tract proximal to the distal 
ileum (Stein et al., 2007). In this case, only the undigested 
dietary AA present in ileal outflow are related to the AA 
intake, whereas the proportion of IAALT in ileal AA 
outflow is not accounted for (Furuya and Kaji, 1989; de 
Lange et al., 1990). The TID values are calculated the same 
way as AID values, except that the IAALT are subtracted 
from the ileal recoveries of CP and AA according to the 
following equation:

TID (%) = ((CP or AA intake
-(ileal CP or AA recoveries-IAALT))
/CP or AA intake) x 100%

This approach allows the metabolic costs associated 
with synthesis and recycling of endogenous gut AA losses 
to be represented explicitly (Stein et al., 2007). There are 
only few reports on TID values of nitrogen and AA in skim 
milk powder, soybean meal, soy protein isolate and fish 
meal in weaned pigs (Caine et al., 1997b; Makkink et al., 
1997). A major limitation to the use of TID values in piglet 
diet formulation is the lack of routine measurements for 
IAALT which are additionally time consuming and 
expensive. Furthermore, TID values do not include the 
IAALS, and therefore require that those unknown costs of 

protein digestion are included in the estimates of AA 
requirements. Consequently, the actual requirements for AA 
would depend on the ingested feed ingredients (Mosenthin, 
2002).

Standardized ileal digestibilities : As an alternative to 
TID values, SID values have been introduced in diet 
formulation for pigs (Jondreville et al., 1995; Mosenthin et 
al., 2000). Using this approach, only IAALB are subtracted 
from ileal outflow of CP and AA according to the following 
equation:

SID (%) = ((CP or AA intake
-(ileal CP or AA recoveries-IAALB))
/CP or AA intake)x100%

If AID values have been already determined, these 
values can be transformed into corresponding SID values 
according to the following equation:

SID (%) = AID (%)+(IAALb/CP or AA diet) x 100%

The term ‘true ileal digestibilities' describing the 
correction of AID values for IAALb has been used to 
represent SID values (Furuya and Kaji, 1989; NRC, 1998).
Moreover, different methods to obtain estimates of IAALb 
have been applied. When a protein-free diet is fed, all 
protein containing compounds in ileal digesta are assumed 
to be of endogenous origin (Jansman et al., 2002; Pedersen 
and Boisen, 2002). The main criticism of this method is that 
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animals are in negative nitrogen balance per se. The protein 
free diet may lack the stimulatory effect on endogenous gut 
secretions, which can lead to underestimation of IAALb. As 
an alternative to the protein-free diet method, diets 
containing protein sources with assumed 100% CP 
digestibility, such as casein, wheat gluten or crystalline AA 
have been used to determine IAALb as reviewed by 
Jansman et al. (2002) and Pedersen and Boisen (2002). 
However, the validity of this method may be questioned 
until it is proven that these protein sources are indeed 100% 
digestible (Nyachoti et al., 1997). In various studies, IAALb 
measured in different ways have been applied to calculate 
SID values in feed ingredients for piglets. For example, 
Walker et al. (1986) considered ileal CP and AA recoveries 
from piglets fed enzyme-hydrolyzed casein to represent 
IAALb, whereas Yun et al. (2005b) and Yang et al. (2007) 
determined IAALb in piglets fed protein-free diets.

Due to the fact that only the IAALb but not the IAALs 
are subtracted from the total ileal AA recoveries, values for 
SID are intermediate between values for AID and TID 
(Stein et al., 2007). By correcting AID values for IAALb to 
calculate SID values, some of the variations observed in 
AID values among different samples of the same feed 
ingredient are reduced, largely because potential effects of 
the CP and AA levels on the measurements of AID of CP 
and AA are eliminated (Fan et al., 1995a; Stein et al., 2007;
Eklund et al., 2008b). The SID values reflect the effects of
TID and feed ingredient on IAALs. In other words, a 
reduction in SID may be due to a reduction in TID of CP 
and AA or to an increase in IAALs (Stein et al., 2007). The 
SID have the advantage over AID and TID that they 
represent the fundamental property of the individual feed 
ingredients, i.e. SID values include any variation of the 
endogenous fraction related to the feed ingredient itself 
(Mosenthin, 2002). The main advantage of using SID in 
comparison to AID is that values for SID of CP and AA are 
more likely to be additive in mixed diets (Stein et al., 2005). 
There are, however, only few reports on SID values in feed 
ingredients for piglets.

FACTORS AFFECTING BASAL ILEAL 
ENDOGENOUS CRUDE PROTEIN AND 

AMINO ACID LOSSES AND ILEAL 
CRUDE PROTEIN AND AMINO 

ACID DIGESTIBILITIES

Dietary crude protein lev이
Apparent ileal digestibilities : Similar to reports in 

grower-finisher pigs, AID of CP and AA in piglets follow so 
called ‘segmented quadratic with plateau relationships' with 
increasing dietary CP and AA contents because IAALb, as 
percentage of total ileal CP and AA recoveries, decrease 
proportionally (Fan et al., 1994; Eklund, 2007). Above 

individual break points for CP and each individual AA, AID 
reach individual plateau values (Eklund, 2007). The dietary 
CP and AA contents, corresponding to the initial plateau 
AID, represent the dietary threshold levels (Fan et al., 1994). 
The plateau AID are rarely affected by the dietary CP or AA 
content or variations in IAALb. To obtain the plateau AID, 
the CP and AA contents in the assay diets should meet or 
exceed the corresponding dietary threshold levels (Fan et al., 
1994; Eklund, 2007). Dietary threshold levels for CP and 
AA determined in piglets are presented in Table 1.

Basal Heal endogenous losses : The IAALb have 
originally been defined as the CP and AA recoveries in 
digesta of animals fed a nitrogen-free diet (Mitchell, 1924). 
However, similar to reports in grower-finisher pigs 
(Hodgkinson and Moughan, 2000), Eklund et al. (2008a) 
observed in piglets a linear increase in IAALb with 
increasing dietary CP contents. Whether or not this effect 
should be included in the calculation of SID values remains 
a rather theoretical discussion and warrants further 
investigations (Jansman et al., 2002).

Standardized ileal digestibilities : Similar to 
observations in grower-finisher pigs (Fan and Sauer, 1997), 
small but significant effects of the dietary CP level on SID 
values were observed in piglets (Eklund et al., 2008a). 
These effects resulted mainly from variations in SID values, 
which were determined in assay diets with CP and AA 
contents below the corresponding threshold levels. 
Therefore, SID values should be determined from the AID 
values measured at higher dietary CP and AA levels, ideally 
from the plateau AID (Fan and Sauer, 1997; Eklund et al., 
2008a). Moreover, Eklund et al. (2008a) showed in piglets 
that SID of AA in casein were not affected by dietary CP 
levels up to 415 g/kg (as fed), provided that the increases in 
IAALb with increasing dietary CP levels were taken into 
account in the calculation. In contrast, Zhang et al. (2005) 
observed for grower pigs linear decreases in SID values 
with increasing CP levels originating from soy protein.

Age or body weight
Apparent ileal digestibilities : In piglets, considerable 

increases in AID of CP and AA have been reported during 
the first weeks after birth (Li et al., 1993; Chae et al., 1999). 
Notably, according to some reports (Kim and Easter, 2001; 
Diebold et al., 2005), AID of CP and AA may also decline 
during the last experimental period. For example, Diebold 
et al. (2005) reported that AID of CP decreased from 83.8 in 
period 1 (approximately 34 days of age) to 75.7% in period 
2 (approximately 44 days of age) in piglets fed a diet based 
on wheat and soy protein. According to Kim and Easter 
(2001), average AID of all AA was lower in the fourth (6 
weeks of age) compared to the third experimental period (5 
weeks of age) with values decreasing from 64.9 to 56.1% in 
piglets fed a diet consisting mainly of cornstarch and fish 
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meal. In contrast, Eklund (2007) did not find any 
differences in AID of CP and AA when feeding casein as 
sole protein source to piglets from 34 to 55 days of age.

Basal ileal endogenous losses : Based on a literature 
review, Stein and Nyachoti (2003) concluded that IAALb 
are higher in younger compared to mature pigs, and that the 
effect of BW on IAALb decreases rapidly with increasing 
BW. According to currently available data, IAALb are 
proportional to BW when the DM intake (DMI) is lower 
than 70 g/kg0.75 (Mariscal-Landin et al., 1995; Hess and 
Seve, 1999). This hypothesis is supported in the study of 
Caine et al. (1997b) where higher IAALt in 29- compared 
to 38-day old piglets were determined. In contrast, Eklund 
et al. (2008a,b) showed that IAALb in piglets were similar 
to values for grower-finisher pigs (Jorgensen and Gabert, 
2001; Jansman et al., 2002), and there was no difference in 
IAALb between 34 to 55 days of age.

Standardized ileal digestibilities : In grower-finisher 
pigs fed ad libitum, SID of CP and AA were not different 
from those of lactating sows fed ad libitum, indicating that 
the BW per se may not affect the measurement of SID 
(Stein et al., 2001). In agreement with this report, there was 
no effect of age on SID values in 34 to 55-day old piglets 
fed a casein-based diet (Eklund et al., 2008b).

Feed intake level
Apparent ileal digestibilities : According to Moter and 

Stein (2004), AID of CP and AA increase linearly with 
higher levels of feed intake or follow a quadratic function. 
There are no detailed studies in piglets so far on the effect 
of feed intake level on AID of CP and AA. However, there 
is evidence that at higher feed intake levels up to 60 g/kg 
BW considerably lower AID of CP and AA in piglets can be 
obtained (Diebold et al., 2005).

Basal ileal endogenous losses : There is a general 
agreement that an increase in feed intake level is associated 
with a reduction in IAALb (g/kg DMI) in grower-finisher 
pigs (e.g. Furuya and Kaji, 1992; Moter and Stein, 2004). 
According to Leterme and Thewis (2004), a part of higher 
IAALb in piglets can be attributed to a lower DMI level. In 
piglets, the feed intake level is highly variable during the 
first weeks after weaning. If piglets are weaned at 21 days 
of age, their feed intake level usually does not exceed 35 
g/kg of BW during the first week after weaning. In the 
following 2 weeks, however, their feed intake level may 
reach more than 60 g/kg of BW (NRC, 1998; Brooks and 
Tsourgiannis, 2003). Further studies are warranted to 
determine the effect of feed intake level on IAALb in piglets.

Standardized ileal digestibilities : According to Moter 
and Stein (2004), SID of CP and AA decrease linearly with 
increasing feed intake levels in grower-finisher pigs. The 
authors speculated that the higher CP consumption due to 
the higher feed intake may limit the maximum capacity for 

CP digestion and AA absorption at certain levels. However, 
there are no reports so far on the effect of feed intake level 
on SID of CP and AA in piglets.

Choice of method for determination of ileal 
digestibilities

Direct, difference or different types of regression 
methods have been described to obtain estimates of ileal 
digestibilities in pigs (e.g. Fan and Sauer, 1995a,b; 
Mosenthin et al., 2000). Most of theses methods have in 
common that SID values are obtained by correcting AID 
values in the assay diets for estimates of IAALb.

Using the direct method, an assay diet is formulated in 
such a manner that the assay feed ingredient provides the 
sole dietary nutrient to be assessed. Therefore, the nutrient 
digestibility in the assay feed ingredient corresponds to the 
digestibility coefficient obtained for the assay diet 
(Mosenthin et al., 2000).

The difference method involves the formulation of both 
a basal and an assay diet. In this approach, the basal diet 
contains the basal feed ingredient, whereas the assay diet 
consists of a mixture of the basal and assay feed ingredient. 
Provided that there is no interaction in nutrient digestibility 
between the basal and the assay feed ingredient, the 
digestibility of nutrients can be calculated by difference 
(Mosenthin et al., 2000).

Moreover, there are two types of regression approaches 
to obtain estimates of SID in pigs. In one approach, the 
basal and assay feed ingredient are evaluated 
simultaneously (Fan and Sauer, 1995a,b). The basal and 
assay feed ingredient are mixed at graded levels in a series 
of assay diets provided that there is no interaction between 
the basal and assay feed ingredients. The digestibility of 
each feed ingredient can be obtained by extrapolating their 
respective dietary contents to 100% (Mosenthin et al., 
2000). In another approach, various graded inclusion levels 
of the assay feed ingredient can be formulated in such a 
manner that the assay feed ingredient provides the sole 
dietary nutrient to be assessed. Under this condition, the 
slope of the linear regression equation between apparent 
ileal digestible and total dietary contents of CP and AA 
provides direct estimates of SID (Fan et al., 1995a; Eklund 
et al., 2008b).

There are some comparative studies (e.g. Fan and Sauer, 
1995a,b) in which the effects of the direct, difference and 
regression methods on AID values were compared. In 
general, the selection of the method had no major impact on 
the determination of AID values. Similarly, Fan et al. 
(1995a) and Eklund et al. (2008b) observed no differences 
between SID values, either determined according to the 
direct or the regression analysis method between apparent 
ileal digestible and total dietary AA contents.
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Table 2. Range in nutrient composition of feed ingredients (g/kg, as fed)

Item

SBM 
(1,2,4, SPC 

(8,10,30,

34, 36,40,

42)

SPI 
(1,10,30,

34, 36,40)

CG 
(13,19,36,

41)

WG 
(1,20,32, 

36,39)

PeaPC
(12,21,29)

PeaPI
(21,22,29)

PotP 
(15,23,31,

36)

FM 
(6,7,16,

19,25,36,

43)

WP 
(3,24,27,

36)

WPC 
(7,9,26,

33,35,36,

43)

WPI
(26)

SB 
(2,5,11, 

17,19,36)

5,8,14,

18,19, 28,

34,36,40,

42,43)

SP 
(17,18,36, 

42,43)

DM 876-906 872-917 929-961 911-953 917 893-902 927-972 914-920 - 899-947 902-924 930-979 947-979 -
CP 345-392 360-562 530-577 631-719 812-886 546-604 704-841 534-593 883-919 761-855 592-927 70-132 350-802 916-927
CF 41-50 26-151 321-540 20-46 0.7 7-30 <0.4 24-32 - 3-24 3-18 0.4 <1 -
EE 188-210 2-54 19-38 3-30 1-22 20-51 38-57 32-34 - 3-40 20-93 5-16 17-197 4-6
CA 50 60-218 698-712 48-69 20-47 11-17 9-12 56-57 - 5-22 68-181 12-150 22-61 14-22
TIA* 1.0-8.5 0.2-5.4 1.0-1.7 0.8-3.0 1.0-1.9 - - 2.1-2.8 0.6-1.4 - - - - -
Lactose - - - - - - - - - - - 610-805 21-500 4-5

Arg 23.1-29.0 28.0-38.5 36.7-41.6 45.4-57.9 55.3-66.5 16.3-19.8 23.0-32.6 - 85.0-86.0 40.6-42.9 35.1-54.7 2.3-2.4 8.0-24.8 -
His 8.7-10.2 0.5-16.4 13.6-16.8 16.0-18.9 20.5-23.4 10.4-13.0 14.0-26.2 - 25.0-26.0 16.8-18.7 10.6-30.9 1.8 6.9-15.6 -
Ile 14.8-17.2 5.5-23.9 23.6-26.7 27.2-33.8 35.4-41.6 21.1-26.1 22.0-29.3 - 47.0-48.0 38.1-46.3 25.1-34.2 5.6-5.9 20.0-51.5 -
Leu 23.1-29.5 28.1-46.9 38.8-52.8 49.2-56.1 64.7-73.1 87.2-108.0 47.0-56.0 - 81.0-84.0 77.8-84.7 43.7-58.8 9.8-9.9 36.0-104.0 -
Lys 19.9-23.9 25.0-31.6 29.9-62.0 39.0-44.5 47.6-55.1 8.6-10.4 12.0-18.0 - 51.0-62.0 57.7-62.7 44.1-61.3 8.1-8.4 24.0-74.9 -
Met 4.8-5.5 4.8-7.6 6.4-8.0 7.5-9.8 9.1-16.1 10.8-13.8 7.1-25.0 - 29.0-46.0 17.5-18.0 17.7-23.2 1.7 5.0-21.8 -
Phe 17.0-19.7 20.0-25.7 25.8-27.9 31.4-38.5 42.0-47.1 33.2-36.9 30.0-47.0 - 50.0 48.0-53.5 21.0-31.6 3.2-3.6 10.0-31.1 -
Thr 14.2-15.0 17.3-23.8 20.6-22.5 24.0-28.5 27.2-35.6 18.0-21.2 13.4-23.0 - 43.0-50.0 43.3-45.6 25.4-34.6 6.6-6.7 23.0-52.8 -
Trp 4.5-5.2 5.1-7.7 6.9-7.4 3.9-9.2 11.2 2.7-3.4 6.0-7.0 - 11.0-14.0 10.1-11.2 4.8-9.1 1.8-2.0 6.9-17.2 -
Val 16.5-17.9 16.3-24.8 23.7-27.7 28.3-33.5 37.2-39.0 9.4-28.2 17.0-31.2 - 52.0-61.0 52.0-56.3 27.8-39.3 5.4-5.8 20.0-48.2 -
* Trypsin inhibitor activity (mg/g product, as fed).
SB = Heat treated soybeans; SBM = Soybean meal; SP = Soy protein; SPC = Soy protein concentrate; SPI = Soy protein isolate; CG = Corn gluten; WG = 
Wheat gluten; PeaPC = Pea protein concentrate; PeaPI = Pea protein isolate; PotP = Potato protein; FM = Fish meal; WP = Whey powder; WPC = Whey 
protein concentrate; WPI = Whey protein isolate.
1 Chae et al. (1999); 2 Clarke and Wiseman (2005); 3 Codex Alimentarius (2006); 4 Dilger et al. (2004); 5 Fan et al. (1995b); 6 Gabert et al. (1995); 7 Gottlob 
et al. (2006); 8 Grala et al. (1998); 9 Grinstead et al. (2000); 10 Hanssen (2003); 11 Huisman and Jansman (1991); 12 Huisman et al. (1992); 13 Jondreville et 
al. (2000); 14 Karr-Lilienthal et al. (2004); 15 Kerr et al. (1998); 16 Kim and Easter (2001); 17 Kim et al. (2006); 18 Kim et al. (2007); 19 Knabe et al. (1989); 20 
Lai et al. (2004); 21 le Guen et al. (1995a); 22 le Guen et al. (1995b); 23 Lenis et al. (1992); 24 Mahan (1992); 25 Mason and Weidner (1964); 26 Morr and 
Foegeding (1990); 27 Nessmith et al. (1997a); 28 O'Quinn et al. (1997); 29 Owusu-Ansah and McCurdy (1991); 30 Peisker (2001); 31 Refstie and Tiekstra 
(2003); 32 Richert et al. (1994); 33 Shimada and Cheftel (1988); 34 Sohn et al. (1994); 35 Tokach et al. (1989); 36 Urbaityte (2008); 37 van Kempen et al. 
(2002); 38 van Kempen et al. (2006); 39 Vente-Spreeuwenberg et al. (2004); 40 Walker et al. (1986); 41 Weigel et al. (1997); 42 Yang et al. (2007); 43 Yun et al. 
(2005a).

CHARACTERIZATION AND EVALUATION OF 
PROTEIN INGREDIENTS FOR PIGLETS BASED 

ON STANDARDIZED ILEAL CRUDE PROTEIN AND 
AMINO ACID DIGESTIBILITIES

Oilseeds and their by-products
Oilseed cakes and meals are the residues remaining after 

removal of the main part of oil from oilseeds. These 
residues are rich in CP. Therefore, oilseed by-products are 
considered as valuable protein supplements for livestock 
(Kellems and Church, 2001).

Soybeans : Soybeans (SB) may contain 345 to 392 g/kg 
(as fed) CP and up to 210 g/kg (as fed) ether extract (EE) 
(Table 2). The SB storage protein consists of a mixture of 
differently composed proteins (conglycinin, glycinin and 
globulins) (Wolf, 1970). The seeds contain also bioactive 
proteins such as a-amylase, cytochrome, lectin, 
lipoxygenase, urease, TI, secondary metabolites including 
isoflavones, saponins, phytic acid, oligosaccharides and 
goitrogens (Friedman and Brandon, 2001). The major 
protein fraction in SB is made of globulins (60 to 90%) 

which are storage proteins rich in Lys, Arg, Glu, Asp and 
their amides, and poor in the sulfur containing AA, such as 
Met and Cys (Friedman and Brandon, 2001). Soybeans 
contain also 10 to 20% albumins, which are richer in Thr 
and Trp than globulins (Friedman and Brandon, 2001). With 
regard to the Ideal Protein pattern for piglets, SB are rich in 
Arg and Lys but relatively poor in Met and Cys (NRC, 
1998) (Table 2).

Raw SB contain antigens (glycinin, p-conglycinin) and 
several ANF (Kunitz and Bowman-Birk TI families, 
haemagglutinins, raffinose, stachyose) that may cause 
intestinal immune responses and gut wall damage, possibly 
resulting in reduced growth performance in piglets (Li et al., 
1991). The growth depression due to ANF may result from 
a reduced activity of (chymo-)trypsin, resulting in poor 
digestibility, delayed absorption of AA (Huisman and 
Jansman, 1991; Nitsan, 1991), and increased IAALS, which 
are mainly sulfur containing AA (Walker et al., 1986; Fan et 
al., 1995b). The nutritional quality of raw SB can be 
improved by inactivating heat labile ANF (TI, lectins) 
through thermal or hydro-thermal treatments such as 
autoclaving, expanding, extrusion, toasting and micronizing 
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as well (Marty et al., 1994; Marty and Chavez, 1995). 
According to some reports, TI activity (TIA) in raw SB may 
range from 20.1 to 32.6 mg TIA/g (as fed) product 
(Huisman and Jansman, 1991; Qin et al., 1996), whereas in 
heat treated SB, TIA is considerably lower ranging from 1.0 
to 8.5 mg TIA/g (as fed) product (Huisman and Jansman, 
1991; Clarke and Wiseman, 2005). Temperature and 
duration of heat treatment, particle size and moisture of the 
SB are the main factors involved in the efficient reduction 
of ANF (TI, lectins) (Qin et al., 1996; Zarkadas and 
Wiseman, 2005a,b). For example, the TIA in SB, which 
were micronized with full steam or low steam were reduced 
to 2.0 and 16.0 mg TIA/g (as fed) product, respectively 
(Zarkadas and Wiseman, 2005a). Similarly, extrusion of SB 
at 70 and 150°C reduced the TIA to 24.1 and 2.9 mg TIA/g 
product (as fed), respectively (Zarkadas and Wiseman, 
2005a). Collective terms that are used to describe processed 
SB include ‘full-fat SB seed’，‘heat processed SB’，‘heat 
treated SB’，and ‘whole SB’.

Soybean meal : Soybean meal (SBM) is obtained after 
removal of most of the oil from dehulled SB by a solvent 
extraction process (Kellems and Church, 2001). Thereafter, 
defatted flakes are subjected to a steam heating process 
where the residuals of the solvent are removed and ANF 
(mainly TI, lectins) are partly inactivated (O’Quinn et al., 
1997). High-protein SBM may contain 450 to 562 g/kg (as 
fed) CP and not more than 30 g/kg (as fed) crude fiber (CF) 
(van Eys et al., 2004). Low protein SBM may contain 360 
to 440 g/kg (as fed) CP (Table 2). The CF content in SBM 
depends on the amount of soy hulls that are added to the 
product after the extraction process has been completed 
(Peisker, 2001). Performance responses and ileal CP and 
AA digestibilities in SBM are influenced by the content of 
ANF (TI, lectins) and oligosaccharides present in SBM 
after processing (Huisman and Jansman, 1991; Smiricky et 
al., 2002). After toasting, the TIA in SBM may range from 
0.2 to 5.4 mg TIA/g (as fed) product (van Kempen et al., 
2006). Accordingly, levels of oligosaccharides, mainly 
raffinose and stachyose, may range from 0.6 to 4.0% (as 
fed) (van Kempen et al., 2006), and from 5.2 to 6.0% 
(Smiricky et al., 2002; van Kempen et al., 2006), 
respectively. According to the results of a study by Smiricky 
et al. (2002), there are only minor effects of 
oligosaccharides in SBM diets on SID of CP and AA in 
grower-finisher pigs. However, in the study by Kim et al. 
(2003) with weaned pigs, the dietary supplementation with 
a mixture of carbohydrases to a corn-soybean meal diet 
reduced the amount of stachyose and raffinose in the small 
intestine, thereby improving gain:feed ratio, energy and AA 
digestibility.

Purified soybean products : Further processing of soy 
flakes or SBM leads to products referred to as soy protein 

(SP) (Zhang et al., 2005; Kim et al., 2006; Yang et al., 
2007), soy protein concentrate (SPC) and soy protein isolate 
(SPI) (Lusas and Riaz, 1995; Peisker, 2001).

Soy proteins : Soy proteins (SP) are relatively new 
products. In principle, they are produced by enzymatic or 
microbial fermentation of dehulled SBM (Kim et al., 2006). 
For the fermentation process, microorganisms such as 
Aspergillus oryzae and (or) Bacillus subtilis may be used 
(Yang et al., 2007). The methodology is based on the 
principle that microorganisms degrade carbohydrates during 
fermentation, resulting in an enrichment of CP in SP 
ranging from 530 to 577 g/kg (as fed) CP. Due to the fungal 
and (or) bacterial fermentation, the levels of TI and 
oligosaccharides, such as raffinose and stachyose, may 
decrease in SP (Min et al., 2004; Kim et al., 2006). 
Moreover, SP may contain high proportions of small 
peptides due to enzymatic or microbial degradation of soy 
protein during the fermentation process (Hong et al., 2004; 
Min et al., 2004).

Soy protein concentrate : Soy protein concentrate (SPC) 
is made from white soy flakes (Lusas and Riaz, 1995). 
Three processing techniques including aqueous alcohol 
extraction (70 to 90% ethyl alcohol), water extraction at 
isoelectric pH (4.5), or denaturation of the protein fraction 
with heat followed by water extraction are used to produce 
SPC (Lusas and Riaz, 1995). The majority of SPC are 
produced by aqueous ethyl alcohol extraction (Peisker, 
2001). The main objective in producing SPC is to remove 
ANF (TI, lectins) and oligosaccharides (stachyose, 
raffinose) (Peisker, 2001; Smiricky et al., 2002). The CP 
contents in SPC may range from 631 to 719 g/kg (as fed) 
(Table 2).

Soy protein isolate : Soy protein isolate (SPI) is 
obtained by extraction of the soluble soy constituents from 
white soy flakes with water at alkaline pH 8.0 to 9.0, 
followed by centrifugation to remove the remaining 
insoluble carbohydrates (Lakemond and Vereijken, 2003; 
Yang et al., 2007). Thereafter, soluble carbohydrates are 
removed by isoelectric precipitation of the protein, and the 
precipitated SPI may be hydrolyzed enzymatically. In this 
case, peptide bonds are broken into shorter chain units by 
means of proteolytic enzymes such as pepsin, papain, ficin 
and trypsin or by microbial proteases (Lusas and Riaz, 
1995). The CP content in SPI may range from 812 to 886 
g/kg (as fed) (Table 2). Soy protein concentrate and SPI 
represent highly purified feed ingredients which can be used 
as components in milk replacers and starter diets for piglets, 
but the use of SPI in animal nutrition might not be cost 
efficient (Peisker, 2001; Lakemond and Vereijken, 2003).

Standardized ileal CP and AA digestibilities in soybean 
products : So far, there are only few reports on SID of CP 
and AA in soybean products for piglets (Table 3). According
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Table 3. Standardized ileal crude protein and amino acid digestibilities (%) in feed ingredients for piglets

Item SB
1

SBM
1-3

SP
1,3

SPC
1-4

SPI
1,2

CG
1

PeaP
1

WG
1

PotP
1

FM
1

WPC
1

CP 73 80-94 74-86 86-99 86-94 90 87 87-90 83-87 79-87 80-94
Arg 82 86-92 86-94 87-98 94-97 89 93 85-90 90-92 89-93 85-98
His 78 81-98 77-89 89-100 89-97 87 87 85-89 85-89 83-89 82-96
Ile 72 76-88 77-88 85-96 88-94 90 86 84-89 85-88 82-89 82-98
Leu 73 81-86 77-89 85-94 87-93 95 87 86-92 87-90 85-91 84-98
Lys 78 83-95 71-88 85-100 90-96 68 90 58-63 86-89 86-92 90-97
Met 76 83-87 84-91 84-96 89-95 94 81 87-90 89-91 89-94 87-98
Phe 69 80-89 72-88 83-96 87-94 89 87 88-92 80-83 76-86 77-90
Thr 67 76-92 66-84 78-95 81-92 84 81 74-80 82-86 81-87 81-89
Trp 71 82 71-84 83-85 83 63 79 77-82 75-80 74-86 83-97
Val 71 80-89 74-88 81-95 86-93 90 87 84-88 86-89 81-89 91-96
SB = Heat treated soybeans; SBM = Soybean meal; SP = Soy protein; SPC = Soy protein concentrate; SPI = Soy protein isolate;
CG = Corn gluten; PeaP = Pea protein; WG = Wheat gluten; PotP = Potato protein; FM = Fish meal; WPC = Whey protein concentrate.
1 Urbaityte (2008); 2 Walker et al. (1986); 3 Yang et al. (2007); 4 Yun et al. (2005b).

to Urbaityte (2008), SID of CP and indispensable AA in SB 
range from 67 to 82% (Table 3). Reports on SID of CP and 
indispensable AA in SBM for piglets are inconsistent 
among the studies. According to Walker et al. (1986), SID 
of indispensable AA in SBM range from 86 to 98%, 
whereas Urbaityte (2008) and Yang et al. (2007) obtained 
SID values which range from 76 to 89%. The SID values 
for SP are inconsistent in piglets as well. In a study by Yang 
et al. (2007), SID of indispensable AA in SP fermented by A. 
oryzae range from 80 to 91%. Similarly, SID of 
indispensable AA in SP, fermented by a combination of A. 
oryzae and B. subtilis, range from 80 to 88%. According to 
Urbaityte (2008), SID values in a microbial fermented SP 
product range from 66 to 86%, whereas SID values of 
indispensable AA in an enzymatic fermented SP product 
range from 74 to 94% in piglets. The SID of indispensable 
AA in SPC for piglets vary generally from 78 to 95% (Yun 
et al., 2005b; Yang et al., 2007; Urbaityte, 2008) but higher 
SID values in the range from 94 to 100% have been 
reported as well (Walker et al., 1986). According to Walker 
et al. (1986), SID of indispensable AA in SPI range from 92 
to 97% in piglets, whereas Urbaityte (2008) reported lower 
SID values in the range from 81 to 94%.

By-products of starch production
Wet milling is used to produce starch, sugar, syrup or oil 

and provides a large variety of by-products such as corn 
gluten (CG) (Weigel et al., 1997), wheat gluten (WG) (Day 
et al., 2006), pea proteins (PeaP) (Roquette’s Nutrition 
Business Unit, 2007) and potato protein (PotP) (Kerr et al., 
1998).

Corn gluten : The CG is a by-product of starch 
extraction through wet milling. It represents the dried 
residue from corn after removal of larger proportions of 
starch and germ (Weigel et al., 1997). Principally, CG 
consists of CP (gluten), along with small amounts of starch 

and fiber which are not recovered during the separation 
process (Weigel et al., 1997). The CG may contain 
approximately 546 to 604 g/kg (as fed) CP, and it is a good 
source of Leu and Phe, whereas it is deficient in Lys and 
Trp compared to the Ideal Protein pattern for piglets (NRC, 
1998) (Table 2).

Standardized ileal CP and AA digestibilities in corn 
gluten : So far, there exists only one report in piglets on SID 
of CP and AA in CG. According to Urbaityte (2008), SID of 
CP and indispensable AA range from 84 to 95%, except for 
Lys and Trp, with lower SID values of 68 and 63%, 
respectively (Table 3).

Wheat gluten : The WG is obtained by removing starch 
through a wet milling process from wheat flour. Thereafter, 
the protein rich residues are dried so that the native 
viscoelastic properties of the WG are retained (Lawrence et 
al., 2004). Glutenin and gliadin are the two major protein 
components of WG. Wheat gluten has been originally used 
in bakery products, meat and cheese analogs (Magnuson, 
1985). Recently, WG gets more frequently used as feed 
ingredient for livestock, particularly in starter diets and milk 
replacer for piglets (Richert et al., 1994; Blasco et al., 2005). 
To improve the solubility of WG in milk replacers, 
deamidation by acid or alkali treatments, sulfuric, 
phosphoric or chlorosulfonic acids, or enzymatic hydrolysis 
by papain, bromelain, subtilisin, trypsin or pronase have 
been introduced (Day et al., 2006). The enzymatic 
hydrolysis breaks the peptide bonds so that polypeptide 
chains in WG are reduced. Smaller polypeptides in WG 
may result in a faster AA absorption during digestion in 
piglets (Blasco et al., 2005). However, some authors failed 
to observe differences in growth performance and nitrogen 
digestibility between hydrolyzed and native WG in piglets 
(Richert et al., 1994; Vente-Spreeuwenberg et al., 2004). 
Both hydrolyzed and non hydrolyzed WG contains from 
704 to 841 g/kg (as fed) CP which consists mainly of Glu 
and Pro, amounting to 344 and 106 g/kg (as fed), 
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respectively (Grala et al., 1998; Reeds et al., 2000). 
Glutamic acid is known as the primary energy source for 
enterocytes. Glutamic acid renews and protects the 
intestinal structure and helps to improve the absorption 
capacity of the intestine (Lai et al., 2004). Moreover, WG is 
rich in Leu and Phe but poor in Lys and Thr compared to 
the Ideal Protein pattern for piglets (NRC, 1998) (Table 2).

Standardized ileal CP and AA digestibilities in wheat 
gluten : The SID of CP and indispensable AA in WG range 
from 74 to 92%, except for SID of Lys which has a lower 
SID value of 60% (Urbaityte, 2008).

Pea proteins : The separation of starch from peas 
through wet milling provides either pea protein concentrate 
(PeaPC) or pea protein isolate (PeaPI) (Owusu-Ansah and 
McCurdy, 1991). The PeaPC is produced through an acid 
leaching procedure (Sumner et al., 1981). The PeaPI may be 
produced by i) alkaline extraction and precipitation at the 
isoelectric point, ii) ultra-filtration and reverse osmosis, iii) 
extraction by a sodium chloride solution and precipitation 
of the isolate by water dilution (Sumner et al., 1981). Both, 
PeaPC and PeaPI may contain high CP contents ranging 
from 534 to 593 g/kg (as fed) and from 883 to 919 g/kg (as 
fed), respectively (Table 2). The composition of AA in pea 
proteins depends on the proportion of the three major 
soluble protein fractions present in pea seeds: legumins, 
vicilins and albumins. Legumins and vicilins together 
constitute the main storage protein, globulin, whereas 
albumins mainly constitute the enzymatic and metabolic 
proteins (polypeptides, TI, lectins) (Stefanyshyn-Cote et al., 
1998). Legumin contains more sulfur containing AA and 
Arg, whereas vicilin is rich in Ile, Leu, Phe, and Lys content 
(Owusu-Ansah and McCurdy, 1991). It has been suggested 
that increasing the proportion of legumin to vicilin could 
improve the nutritional quality of pea proteins (Casey and 
Short, 1981). The PeaPC and PeaPI are rich in 
indispensable AA, except for sulfur containing AA (Met, 
Cys) and Trp compared to the Ideal Protein pattern for 
piglets (NRC, 1998) (Table 2).

Peas may contain several ANF such as lipoxygenase, TI 
and lectins (Owusu-Ansah and McCurdy, 1991). The TI in 
peas are different from Bowman-Birk and Kunitz soybean 
TI, and show a 2 to 10 times higher inhibition of proteases 
in 8-week-old piglets compared to grower-finisher pigs 
(Arentoft et al., 1991). Various processing methods such as 
extrusion or micronizing of peas may inactivate TI and 
increase the nutritional value of pea products (Owusu- 
Asiedu et al., 2002). The PeaPI is almost devoid of 
carbohydrates and ANF, whereas PeaPC may still contain 
small amounts of ANF amounting from 2.1 to 2.8 mg TIA/g 
(as fed) product and 2.8 mg lectins/g (as fed) product 
(Owusu-Ansah and McCurdy, 1991; Huisman et al., 1992; 
le Guen et al., 1995a) (Table 2).

Standardized ileal CP and AA digestibilities in pea 

proteins : The results of a recent study with piglets revealed 
SID of CP and indispensable AA in the range of 79 to 93% 
for PeaP (Urbaityte, 2008) (Table 3).

Potato proteins : Potato protein (PotP) is obtained from 
the effluents produced during the starch extraction from 
chopped potatoes (Refstie and Tiekstra, 2003). During 
potato starch manufacturing, the soluble potato proteins are 
diluted in a liquid potato juice. To retrieve potato protein, 
the potato juice is heated to precipitate the protein, 
centrifuged and dried to PotP (Refstie and Tiekstra, 2003). 
The proteins in potato juice consist mainly of patatin (the 
storage protein) and protease inhibitors (Pouvreau et al., 
2003). The PotP may contain from 761 to 855 g/kg (as fed) 
CP with high Lys contents up to 57.7 to 62.7 g/kg (as fed), 
whereas the contents of sulfur AA (Met, Cys) and Trp are 
relatively low compared to the Ideal Protein pattern for 
piglets (NRC, 1998) (Table 2).

The nutritional value of potato protein depends on the 
level of glycoalkaloids such as solanine and chaconine and 
their secondary metabolites (Friedman, 1996). 
Glycoalkaloids are naturally occurring, nitrogen-containing 
plant steroids with a carbohydrate side chain. 
Glycoalkaloids may reduce the feed intake in piglets 
(Friedman and Dao, 1992). New processing methods have 
been introduced to remove glycoalkaloids from PotP (Kerr 
et al., 1998; Refstie and Tiekstra, 2003). According to Kerr 
et al. (1998), processed PotP products may contain less than 
16 mg glycoalkaloids/100 g (as fed) product compared to 
303 mg/100 g (as fed) product in conventional PotP.

Standardized ileal CP and AA digestibilities in potato 
proteins : In piglets, SID of indispensable AA in PotP range 
between 75 and 92% (Urbaityte, 2008) (Table 3). The 
effects of glycoalkaloids on SID of CP and AA in piglets 
have not yet been determined.

Fish me이
Fish meal : Fish meal (FM) is defined as clean, dried, 

ground tissue of undecomposed whole fish or fish cuttings, 
with or without extraction of part of the oil (Hampton, 
1981). Processing of FM involves cooking, pressing, drying, 
and grinding of the fish (Barlow and Windsor, 1983). Fish 
is cooked to coagulate the proteins, to remove water and fat 
from the tissues, and to sterilize the raw material (Hussein 
and Jordan, 1991). Cooked fish is pressed to remove part of 
the water and fat. The remaining liquid is evaporated to 
thick liquor (stick water) and added back to the pressed fish 
(Hussein and Jordan, 1991). The quality of FM depends on 
i) the origin of the fish (i.e. species of fish, fat content, 
whole fish or fish scraps) (Barlow and Windsor, 1983; Kim 
and Easter, 2001), ii) the freshness of the fish before 
processing (Johnson and Savage, 1987), iii) the amount of 
stick water added back to fish meal (Johnson and Savage, 
1987), iv) time and temperature used to dry the pressed fish, 
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because heat treatment may destruct heat susceptible AA, 
such as Cys, His, Lys and Trp (Mason and Weidner, 1964), 
and v) the storage conditions of the FM (Johnson and 
Savage, 1987). The CP contents in FM may vary from 592 
to 927 g/kg (as fed). In general, FM is rich in indispensable 
AA, particularly in Lys, sulfur AA (Met, Cys) and Trp 
compared to the Ideal Protein pattern for piglets (NRC, 
1998) (Table 2).

Standardized ileal CP and AA digestibilities in fish 
meal : In piglets, SID of CP and indispensable AA in FM 
vary considerably from 74 to 94%, and the digestibility 
coefficients are consistently low for Cys (Urbaityte, 2008) 
(Table 3).

Whey products
Whey is a by-product of cheese, quark and casein 

production (Maswaure and Mandisodza, 1995; Wit, 1998). 
Whey remains from the precipitation of casein in milk or 
skimmed milk followed by mechanical separation from 
casein and fat (Codex Alimentarius, 2006). Whey consists 
up to 96% of water and contains most of the lactose, 
minerals, and water-soluble protein, which are left from 
cheese, quark or casein processing (Cinq-Mars et al., 1986). 
The different types of whey are classified according to the 
method of precipitation used. Cheese is made by using 
rennet-enzyme precipitation. The resulting whey is called 
sweet whey (Maswaure and Mandisodza, 1995). Curd
cheese and quark products are made by using a precipitation 
process through lactic acid producing bacteria. The 
resulting whey is referred to as acid whey (de Wit, 1998). 
The protein fraction of whey consists of lactoglobulin and 
lactoalbumin, approximately at a ratio of 70:28 (Mahan, 
1992; de Wit, 1998). Lactoglobulin is more easily 
denaturated during the drying process than lactoalbumin 
(Mahan, 1992). Therefore, lactoglobulin is generally 
considered to be a protein fraction with a high biological 
value (Mahan, 1992).

Whey powder : Whey powder is the remainder of whey 
after steaming and drying and consists mainly of whey 
protein, lactose and minerals (Cinq-Mars et al., 1986). 
Some authors demonstrated the benefits of high lactose 
inclusions in starter diets for piglets in terms of improved 
growth performance (Mahan, 1992; Owen et al., 1993; 
ODoherty et al., 2004) and increased nutrient digestibilities, 
particularly of the protein fraction (Sewell and West, 1965; 
Owsley et al., 1986; Nessmith et al., 1997b). The improved 
nutrient digestibilities may have to be attributed to the 
microbial fermentation of lactose to lactic acid in the 
stomach, which may stimulate gastric proteolytic activity, 
assisting in the digestion of non-milk proteins (Partridge 
and Gill, 1993). Sweet whey powder (SWP) with a pH of 
>6.0 contains at least 110 g/kg (as fed) CP, 650 g/kg (as fed) 
lactose and a maximum of 85 g/kg (as fed) crude ash (CA).

Whey powder from acid whey with a pH of >5.1 has a 
minimum content of 70.0 g/kg (as fed) CP and 610 g/kg (as 
fed) lactose, and a maximum CA content of 150 g/kg (as 
fed) (Codex Alimentarius, 2006) (Table 2).

Whey protein concentrate/isolate : Whey protein 
concentrate (WPC) and whey protein isolate (WPI) are 
produced from cheese whey by several techniques including 
gel filtration, ion exchange, ultra-filtration, adsorption, and 
polyphosphate precipitation (Shimada and Cheftel, 1988; 
Morr and Foegeding, 1990; Britten et al., 1994). These 
processes allow for removal of lactose, minerals and other 
components to concentrate the whey protein. The CP 
content may range from 350 to 802 g/kg (as fed) in WPC, 
and from 916 to 927 g/kg (as fed) in WPI (Table 2). Whey 
proteins are a good source of almost all indispensable AA, 
except for Arg, His and Phe compared to the Ideal Protein 
pattern for piglets (NRC, 1998). Moreover, several 
treatments have been suggested to modify whey proteins to 
improve their functional attributes, such as solubility, water 
binding, emulsification and foam development (Britten et 
al., 1994). Hydrolysis by proteases improves the solubility 
and surface activity of whey proteins. The properties of the 
hydrolysate depend mainly on the type of enzyme used, the 
degree of hydrolysis, the environmental conditions, the 
substrate pre-treatment (Adler-Nissen, 1986), and the final 
heat treatment to eliminate the residual enzyme activities 
(Phillips and Beuchat, 1981).

Standardized ileal CP and AA digestibilities in whey 
products : SID of indispensable AA in WPC and a 
hydrolyzed WPC have been obtained in recent studies with 
piglets (Urbaityte, 2008). The SID of CP and indispensable 
AA in WPC and hydrolyzed WPC range from 77 to 98% 
(Table 3).

CONCLUSION

There is a general agreement that the amount of AA 
absorbed in the small intestine up to the terminal ileum 
gives a more reliable estimate of the amount available to the 
animal than does the conventional fecal analysis method. 
Ileal digestibility values may be expressed as AID, TID or 
SID depending whether and to which extent ileal 
endogenous CP and AA losses are taken into account. A 
major concern with the use of AID values is that they are 
not additive in mixtures of feed ingredients, because they 
are affected by the dietary CP and AA levels. This concern 
may be overcome by using IAALB to correct AID which 
yields in SID values. The SID of CP and AA are frequently 
used in diet formulation for grower-finisher pigs, however, 
there are only few reports on SID values for by-products 
from starch processing, for fish meal and also for whey 
products in piglets. The SID values in soybean products for 
piglets are inconsistent among studies. Therefore, further 
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studies are warranted to extend the database for SID of AA 
in those feed ingredients which are frequently used in piglet 
nutrition. In this context, the effects of age and (or) BW, 
feed intake level, but also the methods used to estimate 
IAALB for the determination of SID values warrant further 
investigations in piglets as well.

REFERENCES

Adler-Nissen, J. 1986. A review of food hydrolysis-specific areas. 
In: Enzymic hydrolysis of food proteins (Ed. J. Adler-Nissen). 
Elsevier Applied Science Publishers, Copenhagen, Denmark. 
pp. 57-109.

AmiPig. 2000. Ileal standardised digestibility of amino acids in 
feedstuffs for pigs. Association Frangaise de Zootechnie, 
Ajinomoto Eurolysine, Aventis Animal Nutrition, INRA, ITCF, 
Paris, France.

Arentoft, A. M., K. Mortensen and H. Sorensen. 1991. Pea 
proteinase inhibitor activity. Asp. Appl. Biol. 27:211-215.

Barlow, S. M. and M. L. Windsor. 1983. Fishery by-products. In: 
CRC handbook of nutritional supplements II. Agricultural use 
(Ed. M. Jr. Rechcigl.). CRC Press, Boca Raton, Fl, USA. pp. 
253-272.

Blasco, M., M. Fondevila and J. A. Guada. 2005. Inclusion of 
wheat gluten as a protein source in diets for weaned pigs. 
Anim. Res. 54:297-306.

Britten, M., H. J. Giroux and V. Gaudin. 1994. Effect of pH during 
heat processing of partially hydrolyzed whey protein. J. Dairy 
Sci. 77:676-684.

Brooks, P. H. and C. A. Tsourgiannis. 2003. Factors affecting the 
voluntary feed intake of the weaned pig. In: Weaning the pig: 
Concepts and consequences (Ed. J. R. Pluske, J. le Dividich 
and M. W. A. Verstegen). Wageningen Academic Publishers, 
Wageningen, The Netherlands. pp. 81-116.

Caine, W. R., W. C. Sauer, S. Tamminga, M. W. A. Verstegen and 
H. Schulze. 1997a. Apparent ileal digestibilities of amino acids 
in newly weaned pigs fed diets with protease-treated soybean 
meal. J. Anim. Sci. 75:2962-2969.

Caine, W. R., S. Tamminga, M. W. A. Verstegen, W. C. Sauer and 
H. Schulze. 1997b. Endogenous recoveries and true ileal 
digestibilities of amino acids in newly weaned pigs fed diets 
with protease-treated soybean meal. J. Anim. Sci. 75:2970
2979.

Camire, M. E., A. Camire and K. Krumhar. 1990. Chemical and 
nutritional changes in foods during extrusion. Crit. Rev. Food 
Sci. Nutr. 29:35-57.

Casey, R. and M. N. Short. 1981. Variation in amino acid 
composition of legumin from Pisum. Phytochem. 20:21-23.

Chae, B. J., In K. Han, J. H. Kim, C. J. Yang, J. D. Hancock, I. H. 
Kim and D. A. Anderson. 1999. Effects of dietary protein 
sources on ileal digestibility and growth performance for early- 
weaned pigs. Livest. Prod. Sci. 58:45-54.

Cinq-Mars, D., G. Belanger, B. Lachance and G. J. Brisson. 1986. 
Performance of early weaned piglets fed diets containing 
various amounts of whey protein concentrate. J. Anim. Sci. 
63:145-150.

Clarke, E. and J. Wiseman. 2005. Effects of variability in trypsin 

inhibitor content of soya bean meals on true and apparent ileal 
digestibility of amino acids and pancreas size in broiler chicks. 
Anim. Feed Sci. Technol. 121:125-138.

Codex Alimentarius: Standard for whey powders. 2006. 
Agriculture Organization of United Nations, Rome, Italy. pp. 
1-3.

CVB. 2003. Feed tables: feed composition, digestibility and 
nutritive value of feeds. Centraal Veevoederbureau, PUDOC, 
Lelystad, Wageningen, The Netherlands.

Day, L., M. A. Augustin, I. L. Batey and C. W. Wrigley. 2006. 
Wheat-gluten uses and industry needs. Trends Food Sci. 
Technol. 17:82-90.

de Lange, C. F. M., W. B. Souffrant and W. C. Sauer. 1990. Real 
ileal protein and amino acid digestibilities in feedstuffs for 
growing pigs as determined with the 15N-isotope dilution 
technique. J. Anim. Sci. 68:409-418.

de Wit, J. N. 1998. Nutritional and functional characteristics of 
whey proteins in food products. J. Dairy Sci. 81:597-608.

Diebold, G., R. Mosenthin, W. C. Sauer, M. E. R. Dugan and K. A. 
Lien. 2005. Supplementation of xylanase and phospholipase to 
wheat-based diets for weaner pigs. J. Anim. Physiol. Anim. 
Nutr. 89:316-325.

Dilger, R. N., J. S. Sands, D. Ragland and O. Adeola. 2004. 
Digestibility of nitrogen and amino acids in soybean meal with 
added soyhulls. J. Anim. Sci. 82:715-724.

Eklund, M. 2007. Methodological considerations for the 
determination of standardised ileal amino acid digestibilities in 
piglets. Ph.D. Thesis, Faculty of Agriculture, University of 
Hohenheim, Stuttgart, Germany, Shaker Verlag Aachen, 
Germany.

Eklund, M., R. Mosenthin, H. -P. Piepho and M. Rademacher. 
2008a. Effect of dietary crude protein level on basal ileal 
endogenous losses and standardized ileal digestibilities of 
crude protein and amino acids in newly weaned pigs. J. Anim. 
Physiol. Anim. Nutr. 92:578-590.

Eklund, M., R. Mosenthin, H. -P. Piepho and M. Rademacher. 
2008b. Estimates of basal ileal endogenous losses of amino 
acids by regression analysis and determination of standardised 
ileal amino acid digestibilities from casein in newly weaned 
pigs. J. Sci. Food Agric. 88:641-651.

Fan, M. Z., W. C. Sauer, R. T. Hardin and K. A. Lien. 1994. 
Determination of apparent ileal amino acid digestibility in 
pigs: Effect of dietary amino acid level. J. Anim. Sci. 72:2851
2859.

Fan, M. Z. and W. C. Sauer. 1995a. Determination of apparent 
ileal amino acid digestibility in barley and canola meal for pigs 
with the direct, difference, and regression methods. J. Anim. 
Sci. 73:2364-2374.

Fan, M. Z. and W. C. Sauer. 1995b. Determination of apparent 
ileal amino acid digestibility in peas for pigs with the direct, 
difference, and regression methods. Livest. Prod. Sci. 44:61-72.

Fan, M. Z., W. C. Sauer and M. I. McBurney. 1995a. Estimation 
by regression analysis of endogenous amino acid levels in 
digesta collected from the distal ileum of pigs. J. Anim. Sci. 
73:2319-2328.

Fan, M. Z., W. C. Sauer and C. F. M. de Lange. 1995b. Amino acid 
digestibility in soybean meal, extruded soybean and full-fat 
canola for early-weaned pigs. Anim. Feed Sci. Technol.



1220 Urbaityte et al. (2009) Asian-Aust. J. Anim. Sci. 22(8):1209-1223

52:189-203.
Fan, M. Z. and W. C. Sauer. 1997. Determination of true ileal 

amino acid digestibility in feedstuffs for pigs with the linear 
relationships between distal ileal outputs and dietary inputs of 
amino acids. J. Sci. Food Agric. 73:189-199.

FAO. 2008. Food Outlook (GIEWS). Food and Agriculture 
Organization of United Nations. (accessed June 2008) 
http://www.fao.org.

Friedman, M. and L. Dao. 1992. Distribution of glycoalkaloids in 
potato plants and commercial potato products. J. Agric. Food 
Chem. 40:419-423.

Friedman, M. 1996. Nutritional value of proteins from different 
food sources. A review. J. Agric. Food Chem. 44:6-29.

Friedman, M. and D. L. Brandon. 2001. Nutritional and health 
benefits of soy proteins. J. Agric. Food Chem. 49:1069-1086.

Furuya, S. and Y. Kaji. 1989. Estimation of the true ileal 
digestibility of amino acids and nitrogen from their apparent 
values for growing pigs. Anim. Feed Sci. Technol. 26:271-285.

Furuya, S. and Y. Kaji. 1992. The effects of feed intake and 
purified cellulose on the endogenous ileal amino acid flow in 
growing pigs. Br. J. Nutr. 68:463-472.

Gabert, V. M., W. C. Sauer, M. Schmitz, F. Ahrens and R. 
Mosenthin. 1995. The effect of formic acid and buffering 
capacity on the ileal digestibilities of amino acids and bacterial 
populations and metabolites in the small intestine of weanling 
pigs fed semipurified fish meal diets. Can. J. Anim. Sci. 
75:615-623.

GfE. 2008. Recommendations for the supply of energy and 
nutrients to pigs. Gesellschaft fur Ernahrungsphysiologie, 
DLG-Verlag, Frankfurt a. M., Germany.

Gottlob, R. O., J. M. DeRouchey, M. D. Tokach, R. D. Goodband, 
S. S. Dritz, J. L. Nelssen, C. W. Hastad and D. A. Knabe. 2006. 
Amino acid and energy digestibility of protein sources for 
growing pigs. J. Anim. Sci. 84:1396-1402.

Grala, W., M. W. A. Verstegen, A. J. M. Jansman, J. Huisman and 
P. van Leeuwen. 1998. Ileal apparent protein and amino acid 
digestibilities and endogenous nitrogen losses in pigs fed 
soybean and rapeseed products. J. Anim. Sci. 76:557-568.

Grinstead, G. S., R. D. Goodband, S. S. Dritz, M. D. Tokach, J. L. 
Nelssen, J. C. Woodworth and M. Molitor. 2000. Effects of a 
whey protein product and spray-dried animal plasma on 
growth performance of weanling pigs. J. Anim. Sci. 78:647
657.

Hampton, M. 1981. Fish processing-past, present and future. Food 
Flavourings, Ingredient, Processing, Packaging 3:21.

Hanssen, O. K. 2003. “Soya is no soya“: (soya proteins for feed 
products). Feed Intern. 23:14-18.

Hedemann, M. S. and B. B. Jensen. 2004. Variations in enzyme 
activity in stomach and pancreatic tissue and digesta in piglets 
around weaning. Arch. Anim. Nutr. 58:47-59.

Hess, V. and B. Seve. 1999. Effects of body weight and feed intake 
level on basal ileal endogenous losses in growing pigs. J. Anim. 
Sci. 77:3281-3288.

Hodgkinson, S. M. and P. J. Moughan. 2000. Amino acids - The 
collection of ileal digesta and characterisation of the 
endogenous component. In: Feed evaluation. Principles and 
Practice (Ed. P. J. Moughan, M. W. A. Verstegen and M. I. 
Visser-Reyneveld). Pers, Wageningen, The Netherlands. pp.

105-124.
Hong, K. J., C. H. Lee and S. W. Kim. 2004. Aspergillus oryzae 

GB-107 fermentation improves nutritional quality of food 
soybeans and feed soybean meals. J. Med. Food 7:430-435.

Huisman, J. and A. J. M. Jansman. 1991. Dietary effects and some 
analytical aspects of antinutritional factors in peas (Pisum 
sativum), common beans (Phaseolus vulgaris) and soyabeans 
(Glycine max L.) in monogastric farm animals. A literature 
review. Nutr. Abstr. Rev. 61:901-921.

Huisman, J., T. H. Heinz, A. F. B. van der Poel, P. van Leeuwen, W. 
B. Souffrant and M. W. A. Verstegen. 1992. True protein 
digestibility and amounts of endogenous protein measured 
with the 15N-dilution technique in piglets fed on peas (Pisum 
sativum) and common beans (Phaseolus vulgaris). Br. J. Nutr. 
68:101-110.

Hussein, H. S. and R. M. Jordan. 1991. Fish meal as a protein 
supplement in ruminant diets: A review. J. Anim. Sci. 69:2147
2156.

Jansman, A. J. M., M. W. A. Verstegen, J. Huisman and J. W. O. 
van den Berg. 1995. Effects of hulls of faba beans (Vicia faba 
L.) with a low or high content of condensed tannins on the 
apparent ileal and fecal digestibility of nutrients and the 
excretion of endogenous protein in ileal digesta and feces of 
pigs. J. Anim. Sci. 73:118-127.

Jansman, A. J. M., W. Smink, P. van Leeuwen and M. Rademacher. 
2002. Evaluation through literature data of the amount and 
amino acid composition of basal endogenous crude protein at 
the terminal ileum of pigs. Anim. Feed Sci. Technol. 98:49-60.

Johnson, J. N. and G. P. Savage. 1987. Protein quality of New 
Zealand fish meals. NZ. J. Technol. 3:123-128.

Jondreville, C., J. van den Broecke, F. Gatel and S. van 
Cauwenberghe. 1995. Ileal digestibility of amino acids in 
feedstuffs for pigs. Eurolysine/ITCF Publication, Paris, France.

Jondreville, C., J. van den Broecke, F. Grosjean, S. van 
Cauwenberghe and F. Gatel. 2000. Ileal digestibility of amino 
acids in maize gluten feed for pigs. J. Anim. Feed Sci. 9:99
111.

Jorgensen, H. and V. M. Gabert. 2001. The ileal digestion of 
semipurified diets containing increasing levels of casein and 
the use of the regression method to estimate the endogenous 
flow of amino acids at the distal ileum of growing pigs. In: 
Proceedings of the 8th Symposium on Digestive Physiology of 
Pigs (Ed. J. E. Lindberg and B. Ogle), Uppsala, Sweden. pp. 
198-201.

Karr-Lilienthal, L. K., N. R. Merchen, C. M. Grieshop, M. A. 
Flahaven, D. C. Mahan, N. D. Fastinger, M. Watts and G. C. 
Fahey, Jr. 2004. Ileal amino acid digestibilities by pigs fed 
soybean meals from five major soybean-producing countries. J. 
Anim. Sci. 82:3198-3209.

Kellems, R. O. and D. C. Church. 2001. Supplemental protein 
sources. In: Livestock feeds and feeding, 5th Ed. (Ed. R. O. 
Kellems and D. C. Church). Prentice Hall, Upper Saddle River, 
NJ., USA. pp. 86-116.

Kerr, C. A., R. D. Goodband, J. W. Smith II, R. E. Musser, J. R. 
Bergstrom, W. B. Nessmith, M. D. Tokach and J. L. Nelssen. 
1998. Evaluation of potato proteins on the growth performance 
of early-weaned pigs. J. Anim. Sci. 76:3024-3033.

Kim, S. W. and R. A. Easter. 2001. Nutritional value of fish meals

http://www.fao.org


Urbaityte et al. (2009) Asian-Aust. J. Anim. Sci. 22(8):1209-1223 1221

in the diet for young pigs. J. Anim. Sci. 79:1829-1839.
Kim, S. W., D. A. Knabe, K. J. Hong and R. A. Easter. 2003. Use 

of carbohydrases in corn-soybean meal-based nursery diets. J. 
Anim. Sci. 81:2496-2504.

Kim, Y. G, J. D. Lohakare and B. J. Chae. 2006. Growth 
performance, nutrient digestibility and intestinal morphology 
in weaned piglets fed fungal and bacterial fermented soya 
proteins. J. Anim. Feed Sci. 15:213-224.

Kim, Y. G., J. D. Lohakare, J. H. Yun, S. Heo and B. J. Chae. 2007. 
Effect of feeding levels of microbial fermented soy protein on 
the growth performance, nutrient digestibility and intestinal 
morphology in weaned piglets. Asian-Aust. J. Anim. Sci. 
20:399-404.

Knabe, D. A., D. C. LaRue, E. J. Gregg, G. M. Martinez and T. D. 
Tanksley, Jr. 1989. Apparent digestibility of nitrogen and 
amino acids in protein feedstuffs by growing pigs. J. Anim. Sci. 
67:441-458.

Lai, C. H., S. Y. Qiao, Defa Li, X. S. Piao, L. Bai and X. F. Mao. 
2004. Effects of replacing spray dried porcine plasma with 
Solpro500 on performance, nutrient digestibility and intestinal 
morphology of starter pigs. Asian-Aust. J. Anim. Sci. 17:237
243.

Lakemond, C. M. M. and J. M. Vereijken. 2003. Soybean proteins: 
Structure and function. In: Industrial proteins in perspective. 
Progress in Biotechnology, Vol. 23 (Ed. W. Y. Aalbersberg, R. 
J. Hamer, P. Jasperse, H. H. J. Johgh, C. G. de Kruif, P. Walstra 
and F. A. de Wolf). Elsevier Science B.V., Amsterdam, The 
Netherlands, pp. 55-62.

Lawrence, K. R., R. D. Goodband, M. D. Tokach, S. S. Dritz, J. L. 
Nelssen and J. M. DeRouchey. 2004. Comparison of wheat 
gluten and spray-dried animal plasma in diets for nursery pigs. 
J. Anim. Sci. 82:3635-3645.

le Guen, M. P., J. Huisman, J. Gueguen, G. Beelen and M. W. A. 
Verstegen. 1995a. Effects of a concentrate of pea 
antinutritional factors on pea protein digestibility in piglets. 
Livest. Prod. Sci. 44:157-167.

le Guen, M. P., J. Huisman and M. W. A. Verstegen. 1995b. 
Partition of the amino acids in ileal digesta from piglets fed 
pea protein diets. Livest. Prod. Sci. 44:169-178.

Lenis, N. P., J. Th. M. van Diepen and J. Coppoolse. 1992. Ileale 
aminozuurverteer-baarheid en voederwaarde van aardappeleiwit 
en mais. Research Institute for Livestock Feeding and 
Nutrition, Lelystad, The Netherlands. Report No. 232. pp. 1-20.

Leterme, P., B. Seve and A. Thewis. 1998. The current 15N-leucine 
infusion technique is not suitable for quantitative 
measurements of ileal endogenous amino acid flows in pigs. J. 
Nutr. 128:1961-1968.

Leterme, P. and A. Thewis. 2004. Effect of pig bodyweight on ileal 
amino acid endogenous losses after ingestion of a protein-free 
diet enriched in pea inner fibre isolates. Reprod. Nutr. Dev. 
44:407-417.

Li, D. F., J. L. Nelssen, P. G. Reddy, F. Blecha, R. D. Klemm, D. W. 
Giesting, J. D. Hancock, G. L. Allee and R. D. Goodband. 
1991. Measuring suitability of soybean products for early- 
weaned pigs with immunological criteria. J. Anim. Sci. 
69:3299-3307.

Li, S., W. C. Sauer and M. Z. Fan. 1993. The effect of dietary 
crude protein level on amino acid digestibility in early-weaned 
pigs. J. Anim. Physiol. Anim. Nutr. 70:26-37.

Lusas, E. W. and M. N. Riaz. 1995. Soy protein products: 
Processing and use. J. Nutr. 125(Supp. 3):573S-580S.

Magnuson, K. M. 1985. Uses and functionality of vital wheat 
gluten. Cereal Foods World 30:179-181.

Mahan, D. C. 1992. Efficacy of dried whey and its lactalbumin 
and lactose components at two dietary lysine levels on 
postweaning pig performance and nitrogen balance. J. Anim. 
Sci. 70:2182-2187.

Makkink, C. A., T. Heinz, W. B. Souffrant and M. W. A. Verstegen. 
1997. Endogenous N losses at the terminal ileum of young 
piglets fed diets based on four different protein sources. J. 
Anim. Feed Sci. 6:219-234.

Mariscal-Landin, G., B. Seve, Y. Colleaux and Y. Lebreton. 1995. 
Endogenous amino nitrogen collected from pigs with end-to- 
end ileorectal anastomosis is affected by the method of 
estimation and altered by dietary fiber. J. Nutr. 125:136-146.

Marty, B. J. and E. R. Chavez. 1995. Ileal digestibilities and 
urinary losses of amino acids in pigs fed heat processed 
soybean products. Livest. Prod. Sci. 43:37-48.

Marty, B. J., E. R. Chavez and C. F. M. de Lange. 1994. Recovery 
of amino acids at the distal ileum for determining apparent and 
true ileal amino acid digestibilities in growing pigs fed various 
heat-processed full-fat soybean products. J. Anim. Sci. 
72:2029-2037.

Mason, V. C. and K. Weidner. 1964. The effect of heat on the 
amino acid, fatty and B-vitamin composition of fish meal. Acta 
Agric. Scand. 14:87-93.

Maswaure, S. M. and K. T. Mandisodza. 1995. An evaluation of 
the performance of weaner pigs fed diets incorporating fresh 
sweet liquid whey. Anim. Feed Sci. Technol. 54:193-201.

Min, B. J., J. W. Hong, O. S. Kwon, W. B. Lee, Y. C. Kim, I. H. 
Kim, W. T. Cho and J. H. Kim. 2004. The effect of feeding 
processed soy protein on the growth performance and apparent 
ileal digestibility in weanling pigs. Asian-Aust. J. Anim. Sci. 
17:1271-1276.

Mitchell, H. H. 1924. A method of determining the biological 
value of protein. J. Biol. Chem. 58:873-903.

Morr, C. V. and E. A. Foegeding. 1990. Composition and 
functionality of commercial whey and milk protein 
concentrates and isolates: A status report. Food Technol. 
44:100-112.

Mosenthin, R. and W. C. Sauer. 1992. Methods of measuring 
precaecal digestibilities in the pig. Ubers. Tierernahr. 20:65-89.

Mosenthin, R., W. C. Sauer, R. Blank, J. Huisman and M. Z. Fan.
2000. The concept of digestible amino acids in diet 
formulation for pigs. Livest. Prod. Sci. 64:265-280.

Mosenthin, R. 2002. Current concepts of protein digestion and 
absorption in the pig - review. Vet. Med. Zootech. 20:30-38.

Mosenthin, R. and M. Rademacher. 2003. Digestible amino acids 
in diet formulation for pigs. In: Amino acids in animal 
nutrition, 2nd Ed. (Ed. J. P. F. D' Mello). CABI Publishing, 
Wallingford, UK. pp. 169-186.

Moter, V. and H. H. Stein. 2004. Effect of feed intake on 
endogenous losses and amino acid and energy digestibility by 
growing pigs. J. Anim. Sci. 82:3518-3525.

Nessmith, W. B. Jr., J. L. Nelssen, M. D. Tokach, R. D. Goodband 
and J. R. Bergstrom. 1997a. Effects of substituting 
deproteinized whey and (or) crystalline lactose for dried whey 
on weanling pig performance. J. Anim. Sci. 75:3222-3228.



1222 Urbaityte et al. (2009) Asian-Aust. J. Anim. Sci. 22(8):1209-1223

Nessmith, W. B. Jr., J. L. Nelssen, M. D. Tokach, R. D. Goodband, 
J. R. Bergstrom, S. S. Dritz and B. T. Richert. 1997b. 
Evaluation of interrelationships among lactose and protein 
sources in diets for segregated early-weaned pigs. J. Anim. Sci. 
75:3214-3221.

Nitsan, Z. 1991. Influence of anti-nutritional compounds on 
dietary protein utilization in various species, as affected by age, 
diet and feeding regime. In: Proceedings of the 6th 
International Symposium on Protein Metabolism and Nutrition 
EAAP Publication No 59, Vol 1. (Ed. B. O. Eggum, S. Boisen, 
C. Borsting, A. Danfaer and T. Hvelplund). Herning, Denmark. 
pp. 103-115.

NRC. 1998. Nutrient Requirements of Swine. 10th Ed. National 
Academy Press, Washington DC, USA.

Nyachoti, C. M., C. F. M. de Lange, B. W. McBride and H. 
Schulze. 1997. Significance of endogenous gut nitrogen losses 
in the nutrition of growing pigs: A review. Can. J. Anim. Sci. 
77:149-163.

O^Doherty, J. V., C. S. Nolan, J. J. Callan and P McCarthy. 2004. 
The interaction between lactofeed level and soya-bean meal on 
growth performance of weanling pigs. Anim. Sci. 78:419-427.

O'Quinn, P R., D. A. Knabe, E. J. Gregg and E. W. Lusas. 1997. 
Nutritional value for swine of soybean meal produced by 
isopropyl alcohol extraction. J. Anim. Sci. 75:714-719.

Owen, K. Q., J. L. Nelssen, M. D. Tokach, R. D. Goodband, S. S. 
Dritz and L. J. Kats. 1993. The effect of increasing level of 
lactose in a porcine plasma-based diet for the early weaned pig. 
J. Anim. Sci. 71(Supp. 1):175(Abstr.).

Owsley, W. F., D. E. Orr and L. F. Tribble. 1986. Effects of 
nitrogen and energy source on nutrient digestibility in the 
young pig. J. Anim. Sci. 63:492-496.

Owusu-Ansah, Y. J. and S. M. McCurdy. 1991. Pea proteins: A 
review of chemistry, technology of production, and utilization. 
Food Rev. Int. 7:103-134.

Owusu-Asiedu, A., S. K. Baidoo and C. M. Nyachoti. 2002. Effect 
of heat processing on nutrient digestibility in pea and 
supplementing amylase and xylanase to raw, extruded or 
micronized pea-based diets on performance of early-weaned 
pigs. Can. J. Anim. Sci. 82:367-374.

Partridge, G. G. and B. P. Gill. 1993. New approaches with pig 
weaner diets. In: Recent advances in animal nutrition (Ed. P. C. 
Garnsworthy and D. J. A. Cole). Nottingham University Press, 
Loughborough, UK. pp. 221-248.

Pedersen, C. and S. Boisen. 2002. Establishment of tabulated 
values for standardized ileal digestibility of crude protein and 
essential amino acids in common feedstuffs for pigs. Acta 
Agric. Scand. 52:121-140.

Peisker, M. 2001. Manufacturing of soy protein concentrate for 
animal nutrition. In: Proceedings of the 3rd Conference of 
Feed Manufacturers of the Mediterranean, Paris, France. pp. 
103-107.

Phillips, R. and L. R. Beuchat. 1981. Enzyme modification of 
proteins. In: Protein functionality in foods (Ed. J. P. Cherry). 
American Chemical Society, Washington, DC, USA. pp. 275
298.

Pluske, J. R., D. J. Hampson and I. H. Williams. 1997. Factors 
influencing the structure and function of the small intestine in 
the weaned pig: A review. Livest. Prod. Sci. 51:215-236.

Pouvreau, L., H. Gruppen, G. A. van Koningsveld, L. A. M. van 

den Broek and A. G. J. Voragen. 2003. The most abundant 
protease inhibitor in potato tuber (Cv. Elkana) is a serine 
protease inhibitor from the Kunitz family. J. Agric. Food Chem. 
51:5001-5005.

Qin, G., E. R. ter Elst, M. W. Bosch and A. F. B van der Poel. 1996. 
Thermal processing of whole soya beans: Studies on the 
inactivation of antinutritional factors and effects on ileal 
digestibility in piglets. Anim. Feed Sci. Technol. 57:313-324.

Rademacher, M., W. C. Sauer and A. J. M. Jansman. 2001. 
Standardized ileal digestibility of amino acids. Degussa AG, 
Feed Additives, Frankfurt a. M., Germany.

Reeds, P. J., G. D. Burrin, B. Stoll and F. Jahoor. 2000. Intestinal 
glutamate metabolism. J. Nutr. 130:978S-982S.

Refstie, S. and H. A. J. Tiekstra. 2003. Potato protein concentrate 
with low content of solanidine glycoalkaloids in diets for 
Atlantic salmon (Salmo salar). Aquaculture 216:283-298.

Richert, B. T., J. D. Hancock and J. L. Morrill. 1994. Effects of 
replacing milk and soybean products with wheat glutens on 
digestibility of nutrients and growth performance in nursery 
pigs. J. Anim. Sci. 72:151-159.

Roquette’s Nutrition Business Unit. 2007. Pea proteins for the 
meat industry: more than purely functional! (accessed 
November 2007) http://www.foodnavigator.com/smartlead/ 
view/194100/4/Pea-proteins-for-the-meat-industry-more-than-  
purely-functional

Rutherfurd, S. M. and P. J. Moughan. 1990. Guanidination of 
lysine in selected dietary proteins. J. Agric. Food Chem. 
38:209-211.

Sauer, W. C. and L. Ozimek. 1986. Digestibility of amino acids in 
swine: Results and their practical applications. A review. 
Livest. Prod. Sci. 15:367-388.

Schulze, H., P. van Leeuwen, M. W. A. Verstegen and J. W. O. van 
den Berg. 1995. Dietary level and source of neutral detergent 
fiber and ileal endogenous nitrogen flow in pigs. J. Anim. Sci. 
73:441-448.

Sewell, R. F. and J. P. West. 1965. Some effects of lactose on 
protein utilization in the baby pig. J. Anim. Sci. 24:239-241.

Shimada, K. and J. C. Cheftel. 1988. Texture characteristics, 
protein solubility, and sulfhydryl group/disulfide bond contents 
of heat-induced gels of whey protein isolate. J. Agric. Food 
Chem. 36:1018-1025.

Singh, S., S. Gamlath and L. Wakeling. 2007. Nutritional aspects 
of food extrusion: A review. Int. J. Food Sci. Technol. 42:916
929.

Smiricky, M. R., C. M. Grieshop, D. M. Albin, J. E. Wubben, V. M. 
Gabert and G. C. Fahey, Jr. 2002. The influence of soy 
oligosaccharides on apparent and true ileal amino acid 
digestibilities and fecal consistency in growing pigs. J. Anim. 
Sci. 80:2433-2441.

Sohn, K. S., C. V. Maxwell, L. L. Southern and D. S. Buchanan. 
1994. Improved soybean protein sources for early-weaned 
pigs: 2. Effects on ileal amino acid digestibility. J. Anim. Sci. 
72:631-637.

Souffrant, W. B. 1991. Endogenous nitrogen losses during 
digestion in pigs. In: Proceedings of the 5th Symposium on 
Digestive Physiology in Pigs EAAP Publication, No 54 (Ed. M. 
W. A. Verstegen, J. Huisman and L. A. den Hartog), Pudoc, 
Wageningen, The Netherlands. pp. 147-166.

Stefanyshyn-Cote, B., M. Fleury and L. Ellwood. 1998. Research 

http://www.foodnavigator.com/smartlead/


Urbaityte et al. (2009) Asian-Aust. J. Anim. Sci. 22(8):1209-1223 1223

Summaries: Canola and Pea in Livestock Diets. University of 
Saskatchewan, Saskatoon, Saskatchewan, Canada.

Stein, H. H., S. W. Kim, T. T. Nielsen and R. A. Easter. 2001. 
Standardized ileal protein and amino acid digestibility by 
growing pigs and sows. J. Anim. Sci. 79:2113-2122.

Stein, H. H. and C. M. Nyachoti. 2003. Animal effects on ileal 
amino acid digestibility. In: Proceedings of the 9th 
International Symposium on Digestive Physiology in Pigs (Ed. 
R. O. Ball), Banff, Canada. pp. 223-241.

Stein, H. H., C. Pedersen, A. R. Wirt and R. A. Bohlke. 2005. 
Additivity of values for apparent and standardized ileal 
digestibility of amino acids in mixed diets fed to growing pigs. 
J. Anim. Sci. 83:2387-2395.

Stein, H. H., B. Seve, M. F. Fuller, P. J. Moughan and C. F. M. de 
Lange. 2007. Invited review: Amino acid bioavailability and 
digestibility in pig feed ingredients: Terminology and 
application. J. Anim. Sci. 85:172-180.

Sumner, A. K., M. A. Nielsen and C. G. Youngs. 1981. Production 
and evaluation of pea protein isolate. J. Food Sci. 46:364-366.

Tamminga, S., H. Schulze, J. van Bruchem and J. Huisman. 1995. 
The nutritional significance of endogenous N-losses along the 
gastrointestinal tract of farm animals. Arch. Anim. Nutr. 48:9
22.

Tanksley, T. D. Jr., D. A. Knabe, K. Purser, T. Zebrowska and J. R. 
Corley. 1981. Apparent digestibility of amino acids and 
nitrogen in three cottonseed meals and one soybean meal. J. 
Anim. Sci. 52:769-777.

Tokach, M. D., J. L. Nelssen and G. L. Allee. 1989. Effect of 
protein and (or) carbohydrate fractions of dried whey on 
performance and nutrient digestibility of early weaned pigs. J. 
Anim. Sci. 67:1307-1312.

Urbaityte, R. 2008. Assessment of standardised ileal crude protein 
and amino acid digestibilities in protein supplements for 
piglets. Ph.D. Thesis, Faculty of Agriculture, University of 
Hohenheim, Stuttgart, Germany.

van Eys, J. E., A. Offner and A. Bach. 2004. Manual of quality 
analyses for soybean products in the feed industry. American 
Soybean Association, Saint Louis, MO., USA. 115 p.

van Kempen, T. A., I. B. Kim, A. J. M. Jansman, M. W. A. 
Verstegen, J. D. Hancock, D. J. Lee, V. M. Gabert, D. M. Albin, 
G. C. Fahey, Jr., C. M. Grieshop and D. Mahan. 2002. Regional 
and processor variation in the ileal digestible amino acid 
content of soybean meals measured in growing swine. J. Anim. 
Sci. 80:429-439.

van Kempen, T. A. T. G., E. van Heugten, A. J. Moeser, N. S. 
Muley and V. J. H. Sewalt. 2006. Selecting soybean meal 
characteristics preferred for swine nutrition. J. Anim. Sci. 
84:1387-1395.

Vente-Spreeuwenberg, M. A. M., J. M. A. J. Verdonk, J. F. J. G. 
Koninkx, A. C. Beynen and M. W. A. Verstegen. 2004. Dietary 
protein hydrolysates vs. the intact proteins do not enhance 
mucosal integrity and growth performance in weaned piglets. 
Livest. Prod. Sci. 85:151-164.

Walker, W. R., C. V. Maxwell, F. N. Owens and D. S. Buchanan. 
1986. Milk versus soybean protein sources for pigs. 2. Effects 
on amino acid availability. J. Anim. Sci. 63:513-524.

Weigel, J. C., D. Loy and L. Kilmer. 1997. Feeding co-products of 
the dry corn milling process. (accessed April 2004) 
http://econet.sk.ca/pdf/drymillprocessan dcoproducts.pdf

Williams, P. E. V. 1995. Digestible amino acids for non-ruminant 
animals: Theory and recent challenges. Anim. Feed Sci. 
Technol. 53:173-187.

Wolf, W. J. 1970. Soybean proteins: their functional, chemical, and 
physical properties. J. Agric. Food Chem. 18:969-976.

Yacentiuk, M. 2001. What does it cost to raise a pig? Manitoba
Swine Update 13(1).

Yang, Y. X., Y. G. Kim, J. D. Lohakare, J. H. Yun, J. K. Lee, M. S.
Kwon, J. I. Park, J. Y. Choi and B. J. Chae. 2007. Comparative
efficacy of different soy protein sources on growth 
performance, nutrient digestibility and intestinal morphology
in weaned pigs. Asian-Aust. J. Anim. Sci. 20:775-783.

Yin, Y. L., R. L. Huang, H. Y. Zhang, C. M. Chen, T. J. Li and Y. F. 
Pan. 1993. Nutritive value of feedstuffs and diet for pigs: 1. 
Chemical composition, apparent ileal and faecal digestibilities. 
Anim. Feed Sci. Technol. 44:1-27.

Yun, J. H, I. K. Kwon, J. D Lohakare, J. Y. Choi, J. S. Yong, J.
Zheng, W. T. Cho and B. J. Chae. 2005a. Comparative efficacy 
of plant and animal protein sources on the growth performance,
nutrient digestibility, morphology and caecal microbiology of 
early-weaned pigs. Asian-Aust. J. Anim. Sci. 18:1285-1293.

Yun, J. H., J. S. Yong and B. J. Chae. 2005b. Effects of feeding
rice protein concentrate on growth performance and ileal 
digestibility in early-weaned pigs. Asian-Aust. J. Anim. Sci.
18:384-389.

Zarkadas, L. N. and J. Wiseman. 2005a. Influence of processing of 
full fat soya beans included in diets for piglets. 1. Performance. 
Anim. Feed Sci. Technol. 118:109-119.

Zarkadas, L. N. and J. Wiseman. 2005b. Influence of processing of 
full fat soya beans included in diets for piglets. 2. Digestibility 
and intestinal morphology. Anim. Feed Sci. Technol. 118:121
137.

Zhang, H. L., S. Y. Qiao, X. J. Chen, X. Wang, J. J. Xing and Y. L. 
Yin. 2005. Effects of graded levels of soya-bean protein on 
endogenous ileal lysine loss and amino acid digestibility in 
growing pigs. Anim. Sci. 81:257-264.

http://econet.sk.ca/pdf/drymillprocessan

