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ABSTRACT

There is an abundance of information in the literature on apparent ileal amino acid digestibility
values in feedstuffs for pigs. In addition to differences in ileal amino acid digestibility values be-
tween feedstuffs, there are surprisingly large differences in ileal amino acid digestibility values among
different samples of the same feedstuff (in name). In addition to different processing conditions and
inherent factors among samples of the same feedstuff, a proportion of the variation can be attributed
to different approaches in methodology to determine amino acid digestibility values. It should also
be kept in mind that other factors, including the technique used for collection of ileal digesta, may
affect, depending on the feedstuff in question, amino acid digestibility values. As far as methodology
is concerned, differences in dietary amino acid levels may contribute to the variation in ileal amino
acid digestibility values within the same feedstuff. Dietary amino acid levels quadratically affect
ileal amino acid digestibility values. In order to remove the effect of dietary amino acid ievels, the
plateau ileal amino acid digestibility values should be determined. Mcthods of determination, the
direct versus difference versus regression method, can also affect ileat digestibility values within the
same feedstuff. In order to estimate this variation, methods of determination specifically suited for
different feedstuffs are recommended. As a concluding remark, it is important to take into account
the previous considerations when amino acid digestibility values from the literature are compiled for
the purposc of reference for dict formulation for pigs.
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INTRODUCTION

Ideal diet formulation should take into account the bicavailability of nutrients
in feedstuffs to match the nutrient requirements of animals. As such, the diet will
not only provide the best performance at lower cost but also decrease environmen-
tal pollution resulting from surplus nutrients, with particular reference to nitrogen
and phosphorus.

Bioavailability of amino acids is defined as the proportion of the total amino
acids not combined with compounds that interfere with digestion, absorption or
utilization for the purpose of maintenance or growth of new tissue (Agriculture
Research Council, 1981). Defined as such, availability is an abstract concept, which
can not be really measured but only estimated. The growth assay (slope-ratio as-
say) is the most direct approach to assess the biological availability of amino acids
in feedstuffs (e.g., Batterham et al., 1979). Availability values of amino acids, pri-
marily of lysine, have been estimated with the growth assay for various protein
supplements in growing pigs (Knabe, 1991; Batterham, 1992). However, many
factors including aminoe acid balance, amino acid intake, energy level, chranology
of appearance of absorbed amino acids at the tissue level, genotype and physiolo-
gical stage can influence amino acid retention and affect results (e.g., Adeola, 1996).
In addition, this procedure is time-consuming and expensive, and the availability
of only one amino acid can be determined in each assay. When this method is
carried out according to a very precise statistical approach and under specific die-
tary conditions the growth assay may be the only approach to directly verify the
validity of other methods to estimate the bioavailability of amino acids.

Amino acid digestibility should not be confused with amino acid availability.
Amino acid digestibility is defined as the difference between the amount of amino
acids (for each amino acid) in the diet and in faeces or ileal digesta, divided by the
amount in the diet (Low, 1982; Sauer and Ozimek, 1986). As was discussed by
Sauer et al. (2000), digestibility is likely the most important single determinant of
amino acid availability. A large number of studies have been carried out on the
topic of amino acid digestibility in pigs during the last three decades. At present, it
is well accepted that the ileal rather than faecal analysis method should be used to
determine amino acid digestibility values in feedstuffs (e.g., Tanksley and Knabe,
1984; Sauer and Ozimek, 1986). Furthermore, the ileal analysis method is more
sensitive than the faecal analysis method for determining differences in amino acid
digestibility values as a result of differences in processing (Sauer et al., 1977; Knabe
etal., 1989). At this point it should be mentioned that the term ,,amino acid digesti-
bility” is rather absurd (i.e., amino acids are not digested). Unfortunately this term
is commonly used.

Apparent ileal digestibility values have been reported for a wide variety of feed-
stuffs in the literature. It is easy to recognize that there are large differences in ileal



SAUER W.C. ET AL. 117

amino acid digestibility values between feedstuffs. However, it comes somewhat
as a surprise to note considerable variation in ileal digestibility values among sam-
ples of the same feedstuff (in name). Insofar this variation results from inherent
factors and methodology used to determine amino acid digestibility remains to be
determined.

Apparent rather than true, real, or standardized ileal amino acid digestibility
values are only referred to in this review. Furthermore the diftferent methods for
collection of ileal digestion, depending on the feedstuff in question, undoubtedly
affect amino acid digestibility values. For discussion on this topic refer to review
or studies by Sauer and Ozimek (1986), Leterme et al. (1990), Kdhler (1992),
Mroz et al. {1996) and Nyachoti et al. (1997).

The objectives of this review are to discuss: 1. some of the inherent factors
within feedstuffs responsible for the variation in amino acid digestibility values,
and 2. the effect of approaches in methodology on amino acid digestibility values
in feedstutfs.

VARIATION IN APPARENT ILEAL AMINO ACID DIGESTIBILITY VALUES

There is an abundance of information in the literature on apparent ileal amino
acid digestibility values in feedstuffs. In addition to differences in ileal amino acid
digestibility values between feedstuffs, there are large differences in ileal amino
acid digestibility values among different samples of the same fecdstuff. The effect
of some of the processing methods and inherent factors on the variation of amino
acid digestibility values is discussed for cereal grains, protein supplements, and
legume seeds.

Cereal grains

Cereal grains may contribute a considerable proportion of amino acids to swine
diets. The apparent ileal amino acid digestibility values in different samples of
cereal grains (e.g., barley, maize and wheat) have been reported. Sauer and Ozimek
{1986) and Knabe (1991) summanised the apparent ileal amino acid digestibility
values of various cereal grains.

There are substantial differences in ileal amino acid digestibility values among
samples of the same cereal grain as reflected by large standard deviations. For
example, as summarised by Sauer and Ozimek (1986) for the indispensable amino
acids, the differences were relatively large for lysine, methionine and threonine
within barley and wheat, ranging from 64.9 to 79.0%, 72.1 to 88.0% and 64.4 to
76.0%, respectively, in barley and from 62.3 to 81.0%, 79.4 to 92.4% and 61.9 to
78.4%, respectively, in wheat.
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Some of the differences in ileal amino acid digestibility values may be attribu-
ted to differences in processing and other factors inchuding variety of grain, ferti-
lizer application and environmental conditions, which were discussed by Sauer
and Ozimek (1986). 1t is of interest to comment on the effect of processing of
cereal grains which may have a large effect on amino acid digestibility values.
Increasing the fineness of grinding improved the ileal amino acid digestibilities in
wheat (Sauer et al., 1977a) and sorghum (Owsley et al., 1981). Wiinsche et al.
(1988), in studies with growing pigs prepared with the ileo-rectal anastomosis tech-
nique, reported large differences in amino acid digestibility values in barley and
wheat as a result of processing (Table 1). For example, the apparent ileal lysine
digestibility values in barley were 43.6, 54.2, and 63.0% in coarsely, medium, and
finely ground barley, respectively. In the same order for threonine in barley, these
values were 57.7, 66.5 and 72.6%, respectively. The effect of fineness of grinding
on amino acid digestibility values was smaller in wheat than in barley. For exam-
ple, the apparent ileal lysine digestibility values were 49.4, 50.6, and 56.4% in
coarsely, medium, and finely ground wheat, respectively.

The effect of fibre content in wheat on apparent ileal amino acid digestibility
values was recently investigated by Fan et al. (2001). The digestibility values of
lysine and threonine (first- and second-limiting amino acids) in six samples of

TABLE i
The effect of fineness of grinding on the apparent ileal digestibilities (%) of lysine, methionine,
threonine, and tryptophan in barley and wheat (Wiinsche et al., 1987)

Barley
Items coarse medium fine
(51/38/11) (1/53/46) (0.6/43/56)
Lysine 436 £ 131" 542+ 8.1 63.0+t54
Methionine 67.3+£8.5 722+£36 78214
Threonine 57766 66.5+£2.8 72625
Tryptophan 58.0+4.6 68.1+54 720+ 0.6
Wheat
Items coarse medium fine
(26/42/32) (1/38/61) (0/35/65)
Lysine 494 +58 506+11.7 56450
Methionine 752+33 826+42 829+4.2
Threonine 64.2£39 65.7=89 70.6 +£3.7
Tryptophan 75.2£35 78251 81.0+3.0

® percentage of particle sizes (sieve analysis): >2 mm <2 mm to | mm <1 mm
® mean and standard deviation (barley: n =3 or 4, wheat: n =5 or 7}
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wheat were lowest (P<0.05) and ranged from 59.0 to 70.3% (P<0.05) and 64.2 to
73% (P<0.05), respectively. The digestibility values of these amino acids {and most
of the others} were negatively correlated (P<<0.05) with the neutral-detergent fibre
content which ranged from 114 to 172 g kg™

More information on variation in ileal amino acid digestibility values within
cercal grains include studies with wheat (hard vs soft) by Ivan and Farrell (1976),
barley and wheat by Sauer et al. (1981), and barley by Buraczewska et al. (1987).

Protein supplements

Many studies have been carried out to determine amino acid digestibility va-
lues in protein supplements. These values were summarised by Sauer and Ozimek
{1986), Knabe et al. (1989) and Knabe (1991). There were large differences in ileal
amino acid digestibility values among samples of the same protein supplement,
although the range of variation within protein supplements was smaller than in
cereal grains. The variation in ileal amino acid digestibility values was highest in
samples of cottonseed meal, fish meal, meat-and-bone meal and peanut meal, and
smallest in blood meal {except for isoleucine), canola meal, soyabean meal and
sunflower meal. This variation was particularly evident for lysine, methtonine, and
threonine. For example, the lysine, methionine and threonine digestibility values
in ditferent samples of soyabean meal ranged from 80.1 to 90.7%, 74.5 to 96.7%
and 70.7 to 82.2%, respectively. The isoleucine digestibility values in samples of
blood meal samples and tryptophan in meat-and-bone meal showed the largest
differences, ranging from 60 to 80%, and 35 to 65%, respectively, which, as will be
discussed later, can be in part explained by methodological approaches to deter-
mine amino acid digestibility values.

As is well known, there is considerable vaniation in amino acid digestibility
values in samples of meat-and-bone meal as was illustrated in studies by Knabe
et al. (1989; Table 2). Of the indispensable amino acids, the values ranged from
73 to 86% for arginine (smallest range) to 35 to 65% for tryptophan (largest
range). Knabe et al. (1989) attributed this variation to differences in the source of
raw material and/or processing methods, although processing appeared to have
the more noticeable effect. The digestibility values in meat-and-bone meal pre-
pared with the newer processes, which utilize less heat, were approximately 10
percentage units higher than those prepared with the older methods. The adverse
effect in pig performance caused by excessive heating during processing of meat-
and-bone meal was also demonstrated by Batterham et al. (1986) in amino acid
availability studies.

With respect to protein supplements of plant origin, in addition to differences in
processing conditions (e.g., for soyabean meal; Huisman et al., 1988) differences
in digestibility values between different samples may also arise from other factors.
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TABLE 2
Range and means of apparent ileal crude protein and digestibilities (%) of the indispensable amino
acids in nine meat-and-bone meals (Knabe et al., 1989)

Range Means®
Crude protcin 57-75 6704
Amino acids
Arginine 73-86 8105
Histidine 53-74 66+ 0.6
Isoleucine 55-81 70+0.7
Leucine 63 -82 74+0.5
Lysine 56 - 80 70+£04
Phenylalanine 70 - 85 7804
Threonine 51-75 64+ 0.6
Tryptophan 35-65 54+£1.0
Valine 60 - 80 73+0.4

* mean and standard crror (n = 5)

For example, differences in digestibility values in canola meal may result from
different fibre levels (Fan et al., 1996). In this study, the ileal digestibility values of
most amino acids were negatively correlated (P<0.05) with the neutral-detergent
fibre content. For example, the apparent ileal digestibility values of lysine and
threonine increased from 68.3 to 76.7%, and 59.7 to 66.5%, respectively, as the
neutral-detergent fibre content in six samples of canola meal from western-Canada
decreased from 24.9 to 19.3%.

More information of variation in amino acid digestibility values within protein
supplements include studies with soyabean meal, fish meal, peanut meal, and sun-
flower meal by Knabe et al. (1989).

Legume seeds

Legume seeds such as peas, field beans and lupins, which can provide a rich
protein and energy source for swine diets, are used more and more in swine diets,
especially peas. Legume seeds contain variable amounts of protease inhibitors,
tanmns, and lectins. These antinutritional factors have in common that they exert
detrimental effects on the digestive and/or absorptive processes.

The evaluation of the nutritive value in pigs for these ingredients is receiving a
lot of attention at present. The apparent ileal amino acid digestibility values in
legume seeds, mainly in peas, were summarised by Gatel (1992). There were con-
siderable differences in ileal amino acid digestibility values among different pea
samples, Of the indispensable (+ semi-) amino acids, the differences were relative-
Iy large for cysteine, methionine, threonine and tryptophan, ranging from 44.0 to
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85.0%, 58.0 to 80.7%, 56.8 to 92.1% and 46.6 to 78.0%, respectively. As discussed
by Gatel (1992), differences in processing conditions, antinutritional factors and
other factors associated with variety and growing conditions were only, in part,
responsible for the large variation. Fan and Sauer (1999) recently determined the
ileal amino acid digestibility values in six samples of peas which originated from
various locations in western-Canada. Of the indispensable (+ semi-) amino acids
within each sample, the ileal digestibility values of arginine and lysine were rela-
tively high, ranging from 88.3 to 91.3% and from 78.7 to 85.2%, respectively,
while the digestibility values of cysteine, methionine and tryptophan were rela-
tively low, ranging from 53.8 to 62.7%, 69.4 to 75.4%, and from 53.1 to 70.4%,
respectively. The ileal digestibility values of most of the indispensable amino acids
(+semi-} were negatively correlated (P<0.05) with the neutral-detergent fibre con-
tent in the pea samples which ranged from 14.6 to 18.2%. Of the amino acids, only
the digestibility values of tryptophan was negatively correlated (P<0.05} with the
trypsin inhibitor activity in the pea samples. Other studies by Fan et al. (1994), in
which the digestibility of tryptophan was not measured, also showed no correla-
tion between trypsin inhibitor activity and ileal amino acid digestibility values in
six pea samples.

It is aiso of interest to comment on a study by Huisman et al. (1988) with beans
{Phaseolus vulgaris). Crude protein digestibilities were -36.1, 8.3, and 37.3% in
beans heated for 20, 40, and 60 min, respectively. The increase in digestibility was
accompanied by a decease in lectin content. Amino acid digestibility values were
not reported in this study, but would be expected to follow the same pattern as
crude protein digestibility. The mode of action of lecting and their effect on protein
digestion and amino acid absorption were discussed in detail by Huisman (1989).

More information on inherent factors affecting the variation in digestibility va-
lues in legumes include studies with peas by Buraczewska et al. (1989), Gatel and
Grosjean (1990), Leterme et al. (1990), and Gdala et al. (1992), and with fababeans
by Grala et al. (1993), and by Flis et al. (1999).

METHDOLOGICAL SOURCES OF VARIATION

As was discussed previously, there are large differences in the apparent ileal
digestibility values of amino acids among samples of the same feedstuff. These
differences decrease the sensitivity and liability of apparent ileal amino acid di-
gestibility values for assessing amine acid availability between different feed-
stuffs and cause inaccuracy in the diet formulation for swine. This variation may
misrepresent the real variation among samples of the same feedstuff (in name),
as methodological factors are responsible for a certain proportion, in addition to
inherent factors such as for instance differences in the neutral-detergent fibre
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content among samples of the same feedstuff. The major responsible methodolo-
gical factors, those including dietary amino acid levels and methods of determina-
tion, will be addressed.

The effect of dietary amino acid level

As was illustrated by Eggum (1973} in studies with rats, the apparent faecal
crude protein digestibility in soyabean meal increased curvilinearly with increa-
sing dietary crude protein content. Similarly, it is expected that apparent ileal ami-
no acid digestibility values will increase curvilinearly with increasing amino acid
contents in the assay diet. Thercfore, values for apparent ileal amino acid digesti-
bility are only meaningful and valid under strictly standardized conditions, at least
with respect to the amino acid content in the assay diet. Examination of the litera-
ture reveals that, in many instances, this has not been the case. The determination
of apparent ileal digestibility values of amino acids were performed at various
dietary amino acid levels as indicated by differences in dietary crude protein
content. For example, the crude protein contents in maize starch-based diets were
140 and 210 g kg'', respectively, in studies by Holmes et al. (1974), and Jergensen
et al. (1984). In the same order for these diets, the apparent ileal lysine digestibili-
ties were 80 and 91%, respectively. Differences in crude protein and amino acid
content in the assay diets may explain, in part, the variation in apparent ileai amino
acid digestibility values among different samples of the same feedstuffs (e.g.,
Sauer and Ozimek, 1986).

Studies reported by Fan et al. (1994) with maize starch-based soyabean meal
diets showed that there were large increases (P<0.01) in apparent ileal digestibility
values of crude protein and all amino acids when the dietary crude protein content
was increased from 40 to 240 g kg'. For crude protein, the increase was 26.7
percentage units. Of the indispensable amino acids, the increases ranged from 11.8
percentage units for phenylalanine to 30.9 percentage units for threonine. The in-
creases in apparent ileal digestibility values of amino acids were greatest at the
lower crude protein levels; the increases became negligible at the higher crude
protein levels as endogenous amino acids account for a smaller proportion of total
amino acids in ileal digesta (Fan et al., 1994).

The determination of the quadratic retationships between amino acid digestibi-
lity values and the amino acid content and the plateau digestibility values were
analysed according to a segmented quadratic with plateau model (Fan et al., 1994).
The quadratic with plateau relationships between the ileal digestibility values and
dietary content are illustrated in Figure 1 for leucine and methionine. A similar
pattern was observed for the other amino acids. Initially, the apparent ileal crude
protein and amino acid digestibility values increased sharply; thereafter the in-
creases became smaller and reached their plateau values after which there were no
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Figure 1. The quadratic with plateau relationships between apparent ileal amino acid digestibility
values (Y: %) and dietary amino acid contents (X: %). A. Leucine (LEU); B. Methionine (MET)
(Fan et al., 1994)

further increases and the digestibility values became independent of the dietary
amino acid levels. The lower endpoints of 95% confidence intervals of the plateau
digestibility values are defined to be the initial plateau digestibility values. The
dietary crude protein and amino acid contents, corresponding to the initial plateau
digestibility values, are referred to as the dietary threshold levels. The initial pla-
teau ileal digestibility values and the corresponding threshold levels of crude pro-
tein and indispensable (+ semi-) amino acids are presented in Table 3.

As illustrated in Figure 2 for crude protein, methionine, threonine and tyrosine,
the apparent ileal digestibility values of crude protein and amino acids did not
reach their initial plateau values simultaneously at the same dietary crude protein
content. This shows that the dietary amino acid content affects apparent ileal ami-
no acid digestibility values, irrespective of the dietary crude protein content. There-
fore, to obtain the plateau values, the level of inclusion of a feedstuff in the assay
diet should be such that the amino acid contents in the assay diet are equal to or
exceed the corresponding threshold levels. This consideration is especially impor-
tant for the determination of the digestibility values of the limiting amino acids
(Fan et al., 1994).

Differences in dietary amino acid levels are responsible for the variation in ileal
amino acid digestibility values within the same feedstuff. As discussed previously,
there is considerable variation in apparent ileal digestibility values of amino acids
within each cereal grain. Of the indispensable amino acids, the variation is espe-
cially large for lysine and threonine. The determination of apparent ileal digestibi-
lity values of amino acids in low-protein feedstuffs is routinely carried out with the
direct method in which the test feedstuff provides the sole amino acids in the assay
diet. However, the total contents of crude protein and the majority of the amino
acids in cereal grains are usually below the thresholdlevels (Sauer et al., 2000).
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TABLE 3
The initial plateau ileal digestibility valucs of crude protein and indispensable (+ semi-) amino acids
and the threshold levels of dietary crude protein and amino acids in soyabean meal (Fan et al., 1994}

Items Initial platcau® Threshold level® Corresponding protein tevels*

Crude protein 80.9 171.0 171

Amino acids
arginine 90.6 11.5 171
histidine 87.2 4.3 179
isoleucine 86.2 83 182
leucine B5.6 13.3 181
lysine 86.0 9.4 163
methionine 89.0 24 152
cysteine 78.5 24 159
phenylalanine 87.9 8.2 163
tyrosing 87.6 6.2 181
threonine 77.0 6.3 173
valine 83.7 84 183

B

lower endpoints of 95% confidence intervals at the estimated plateau ileal digestibility
values

e kg, dry matter basis

the dietary levels of crude protein (g kg, dry matter basis) corresponding to the threshold
levels of each amino acid

3

o

As a result, small differences in dietary contents of crude protein and amino
acids below the threshold levels will result in relatively large variations in the
digestibility values of amino acids, especially those amino acids present at low
levels in cereal grains (lysine, threonine and tryptophan) and/or amino acids of
which the ileal endogenous recovery is relatively high (e.g., threonine), as illus-
trated in Figure 1.

The effect of methods for determination

There are three methods for the determination of apparent ileal amino acid di-
gestibility values in feedstuffs,

1. The direct method. The assay diet 15 formulated in such a manner that the assay
fecd ingredient provides the only amino acids in the diet. Therefore, amino acid
digestibility values in the assay feed ingredient are equal to the corresponding
value in the assay diet, If the assay diet is maize starch-based a correction is
sometimes made for amino acid losses associated with the feeding of maize
starch per se.
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Figure 2. The quadratic with plateau relationships between the apparent ileal crude protein and amino
acid digestibility values (means + SE) and the dietary crude protein content. CP: crude protein; MET:
methionine; THR: threonine; TYR: tyrosine (Fan et al., 1994)

2i

The difference method. This method involves the formulation of both a basal
and an assay diet. The basal diet contains the basal feed ingredient which pro-
vides the only amino acids in the diet. The assay diets consist of a mixture of the
basal feed ingredient and the assay feed ingredient. The amino acid digestibility
values in the assay feed ingredient can then be determined by the difference. It
is assumed that there is no interaction in nutrient dlgestlblhty between the basal
and the assay feed ingredient.

The regression method. This method evaluates thebasal and assay feed ingre-
dient simultaneously. Both the basal and the assay feed ingredient provide the
only amino acids in the diets. The ingredients are mixed at various graded
levels and more than two assay diets are formulated. By aid of regression
analysis one can calculate the amino acid digestibility values of the assay
feed ingredients (and also of the basal feed ingredient). As for the difference
method, it is assumed there is no interaction between the basal and assay feed
ingredient.
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The determination of apparent ileal digestibility values of amino acids in cereal
grains is usually carried out by the direct method, in part for reasons that most
cereal grains are very palatable, for example maize, wheat, and barley. However,
as discussed previously, the ileal digestibility values of amino acids in cereal grains
determined with the direct method are affected by their content in the assay diet. It
canbe questioned, therefore, whether the direct method is valid for determining
ileal amino acid digestibility values in cereal grains.

With respect to protein supplements such as meat-and-bone meal, canola meal
and soyabean meal and legume seeds such as peas, amino acid digestibility values
are usually determined by the direct method, though not always. For some protein
supplements or legume seeds, some of which are of poor palatability and/or have a
high content of antinutritional factors, the determination is often carried out by the
difference method. The difference method is also used to determine amino acid
digestibility values in grains of poor palatabtlity, for example rye.

As will be reviewed the improper choice of method for determination may
be partly responsible for the considerable variation in apparent ileal digestibility
values of amino acids within the same feedstuff (in name} when results from the
literature are compared. As yet, few studies have been carried out to compare meth-
ods of determination on amine actd digestibility values. Methods of determination
for amino acid digestibility values will be discussed for cereal grains, protein sup-
plements, legume seeds, and other feedstuffs, including by-products. In addition, a
small discussion is devoted to possible interactions between feedstuffs.

Cereal grains

As an example of a cereal grain, the apparent ileal amino acid digestibility va-
lues were determined in barley by the direct, difference, and regression methods in
studies with five barrows fitted with a simple T-cannula at the distal 1lleum (Fan
and Sauer, 19953a). The barrows were fed five diets according to a 5 x 5 Latin
square design. Diet 1 was a maize starch-based canola meal diet. Canola meal
supplied the sole source of amino acids. Diets 2, 3 and 4 contained 225, 450 and
675 g kg'! barley, respectively, and 366, 305 and 244 g kg canola meal, respec-
tively. Diet 5 contained 900 g kg barley, which was the sole source of amino
acids. Except for diet 5, the diets contained 160 g kg' crude protein.

There were increases (P<<05) in the digestibifity values of the majority of the
amino acids in barley as its level of inclusion in the diets was increased from 225 to
675 gkg* (Fan and Sauer, 1995a). Of the indispensable amino acids, the increase was
largest for lysine, 23.5 to 61.3%, and smallest for phenylalanine, 56.8 to 72.1%.
Among the amino acids, lysine and phenylalanine from barley contributed the lowest
and highest percentage to the dietary content, respectively. These results show that,
at the lower levels of inclusion, the digestibility values in barley are underestimated
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with the difference method. The underestimation is greater for amino acids that are
present in small amounts in barley, which often include the limiting amino acids, as
was illustrated in this case for lysine. Furthermore, there were large decreases in the
standard errors of the amino acid digestibility values as the level of inclusion of
barley was increased from 225 to 675 g kg''. Therefore, the values obtained at the
dietary inclusion level of 675 g barley kg can be considered most accurate.

Based on the aforementioned study, it is evident that the reliability of the
determination of the apparent ileal digestibility values of amino acids with the
difference method is dependent on the contribution of amino acids in the assay
feedstuff to their total dietary contents. The higher the contribution of a particu-
lar amino acid to the total dietary content, the more reliable the measurement of
its digestibility with the difference method.

A linear regression model was used to describe the relationships between the
digestibility values in diets 1, 2, 3, and 4 and the contribution levels of amino acids
in canola meal to these diets (Fan and Sauer, 1995a). Intercepts of the linear regres-
sion equations provided the estimated apparent ileal digestibility values of amino
acids in barley. The principle for determining apparent ileal amino acid digestibi-
lity values in the assay feed ingredient (barley) is illustrated in Figure 3 with lysine
as an example. Linear relationships and corresponding digestibility values in bar-
ley could not be obtained (P>0.05) for isoleucine, leucine, phenylalanine, threo-
nine, and valine; differences in digestibility values of these amino acids between
barley and canola meal were not large enough to create linear responses. There-
fore, in order to apply the regression method successfully to all amino acids, it is
necessary that there are sufficiently large differences in the digestibility values of
all amino acids between the two feedstuffs. To our knowledge, this is the first time
that the regression method was used for the determination of ileal amino acid di-
gestibility values in feedstuffs for swine.

Among the three methods, the regression method is, in principle, the most accu-
rate. The apparent ileal digestibility values of crude protein and the indispensable
amino acids are considered to be the most precise values for evaluating the results
obtained by the other two methods (Sauer et al., 2000). The apparent ileal digesti-
bility values of the indispensable amino acids in barley, determined with the direct,
difference, and regression methods, are presented in Table 4. For the difference
method, the digestibility values for barley, determined at the inclusion level of
675 g kg were used for comparison. As was mentioned previously, these digesti-
bility values were associated with the smallest standard errors and therefore con-
sidered most precise. At this level of inclusion, there were no differences (P>0.05)
between digestibility values of amino acids in barley determined by the difference
and regression methods. This shows that the gi_if‘f'erence method is only reliable
when the inclusion levels of the amino acids from the assay ingredient in the diets
are high. Furthermore, the ileal digestibility values of crude protein and amino
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Figure 3. Estimation of the apparent ileal digestibility of lysine in the assay feed ingredient (barley)
by linearly regressing the ileal digestibility values (Y: %) of lysine in the assay diets against the
contribution levels (X: decimal percentage) of lysine from the basal feed ingredient (canola meal) to
its content in the assay diets (Fan and Sauer, 1995a)

TABLE 4
Comparison of the apparent ileal digestibility values® (%) of crude protein and indispensable amino
acids in barley by the direct, the difference and the regression methods (Fan and Sauer, 1995a)

Method of determination

Items
direct method difference method® regression method
Number of observations 5 5 20
Crude protein 56.6 + 1.88 58.9+£3.36 577+ 2.83
Amino acids
arginine® 64.7+1.93 69.8+3.15 68.4+2.39
histidine 69.5 + 2.68 71.9+£3.56 70.5+2.27
isoleucine 61.1+3.29 66.9 +4.80 -
leucine 66.6 + 2.80 70343.79 -
lysine* 54.1+4.18 61.3+4.93 593 +4.65
phenylalanine 69.6 £ 3.41 72.1+4.28 -
threonine 6 i g ) 62.4 +3.904 -
valine 62.6+2.96 67.2+3.94 -
* mean and standard error 7

o

digestibility values calculated from diet 4 (675 g barley kg”)
means in the same row show a trend to increase (P<0.10, by one-tailed student’s ¢-test)
d.¢ means in the same row with different superscript letters differ (P<0.05)

o
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acids determined by the difference and regression method were usually higher
{P<0.05 or 0.10) than those determined by the direct method.

These results suggest that the direct method is not suitable for the determination
of apparent ileal digestibility values of amino acids in feedstuffs, such as barley.
This results from the fact that the endogenous amino acid contribution is relatively
high at a low dietary amino acid intake. As was demanstrated by Fan et al. (1994),
there are quadratic with plateau relationships between the dietary amino acid
levels and their respective apparent ileal digestibility values.

Protein supplements

As an example of a protein supplement, the apparent values were determined in
canola meal with the direct, difference and regression methods. This information
was obtained in the same experiment as described under cereal grains, in which
barley was considered the assay feed ingredient and canola meal the basal feed
ingredient.

There were increases in the digestibility values of the majority of the amino
acids in canola meal as its level of inclusion in the diet was increased from 244 to
366 g kg'! (Fan and Sauer, 1995a). Of the indispensable amino acids, the increase
in contribution was smallest for tysine, from 67.9 to 90.5%, and largest for phenyl-
alanine, from 49.4 to 81.5%. The digestibility values of most of the amino acids
were higher (P<0.05) when these were determined by difference from the diet with
the lowest level of inclusion (244 g kg') of canola meal. At first, these results
seemed contradictory to our expectations. However, the digestibility values in ca-
nola mcal were determined by difference using the digestibility values in barley
determined with the direct method. As was shown previously, the direct method
underestimated the digestibility values in barley. As a result, the digestibility
values in canola meal were overestimated when these were determined by diffe-
rence from the diet with its lowest level of inclusion. However, if valid digestibility
values of amino acids in barley {675 g kg inclusion) are used to determine the
digestibility values in canola meal (244 g kg' inclusion), then values similar to
those determined from the other inclusion levels (305 and 366 g kg'') will be ob-
tained. Furthermore, there were no differences (P=0.03) in the digestibility values
of amino acids in canola meal when these were calculated from the diets that con-
tained 305 and 366 g kg’ canola meal; at these levels of inclusion the overestima-
tion in amino acid digestibility values was eliminated. In addition, there were large
decrcases in the standard errors of the amino acid digestibility values as the dietary
inclusion level of canola meal was increased from 244 to 366 g kg'!. These results
show once more that the determination of the apparent ileal digestibility values of
amino acids with the difference method is dependent on the contribution of amino
acids in the assay feedstuff to their total dietary content.
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For measurement of the apparent ileal digestibility values of amino acids in
canola meal with the regression method, linear relationships between the digesti-
bility values in diets 1, 2, 3, and 4 and the contribution levels of amino acids in
barley to the diets were established (Fan and Sauer, 1995a). Intercepts of the linear
regression equations provided the estimated apparent ileal digestibility values of
amino acids in canola meal. The principle for determining apparent ileal amino
acid digestibility values in the assay feed ingredient (canola meal) is illustrated in
Figure 4 with arginine as an example. For the same reasons explained previously,
linear relationships and the corresponding digestibility values in canola meal could
not be obtained (P>0.05) for some amino acids, including isoleucine, leucine, phe-
nylalanine, threonine, and valine.

The apparent ileal digestibility values of the indispensable (+ semi-) amino
acids in canola meal determined with the direct, difference, and regression me-
thods are presented in Table 5. With the difference method, the digestibility values
for canola meal determined at the inclusion level of 366 g kg"' were referred to.
These digestibility values were associated with the smallest standard errors. There
were no differences (P>0.05) in the digestibility values of amino acids in canola
meal when these were determined with the different methods. These results sug-

85 ‘
Y =79.5+125X,r =069, n=20

Apparent ileal arginine digestibility, %

65 T p——t T T \
0.0 02 0.4 06 0.8 10

Contribution levels of arginine to the diets

Figure 4. Estimation of the apparent ileal digestibility of arginine in the assay feed ingredient (canola
meal) by linearly regressing the ileal digestibility values (Y: %, means = SE) of arginine in assay
diets against the contribution levels (X: decimal percentage) of arginine from the basal feed ingredi-
ent (barley) to its content in the assay diets (Fan and Sauer, 1995a)
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TABLE 5§
Determination of the apparent ileal digestibility values® (%) of crude protein and indispensable
amino acids in canola meal by the direct, the difference and the regression methods (Fan and
Sauer, 1995a)

Method of determination

[tem
’ direct method difference method" regression method
Number of observations 5 5 20
Crude protein 66.0 £ 0.85 62,5+ 1,44 64.3 £ 1.46
Amino acids
arginine 80.8+1.19 794+ 1.14 795+£095
histidine 80.0+0.78 774=1.19 78.7+ 1.09
isoleucine 69.3 £0.77 65.3 + 1.58 -
leucine 70.8+1.15 67.7+1.68 -
lysine 73.7+0.79 707 =1.10 71.8 +1.38
phenylalanine 70.8+ 1.18 67.9+1.90 -
tyrosine 66.0 + 0.81 64,5+ 1,53 64.5+ 1,49
threonine 63.1 £ 0.88 60.7 + 1.64 -
valine 67.5+0.84 63.8+1.72 -

* mean and standard error
® digestibility values calculated from diet 2 (366 g canola meal kg'')

gest that the apparent ileal digestibility values of amino acids in high-protein feed-
stufls, such as canola meal, can be determined with either method, including the
difference method when its dietary inclusion level is relatively high.

Legume seeds

As an example of a legume seed, the apparent ileal amino acid digestibility
values were determined in peas by the direct, difference, and regression methods
{Fan and Sauer, 1995b). Five growing barrows, fitted with a simple T-cannula at
the distal ifeum, were fed five diets according to a 5 x 5 Latin square design. Diet |
contained 885 g wheat kg''. Wheat provided the sole source of amino acids in this
diet. In diets 2, 3 and 4, peas were included at three levels at the expense of wheat
and maize starch, 168, 336 and 504 g kg'', respectively. Diet 5, which was maize
starch-based, contained 671 g peas kg’ providing the sole source of amino acids in
this diet. All diets were formulated to contain 160 g crude protein kg'. A detailed
description of this experiment was provided by Fan and Sauer (1995b).

There were no differences (P>0.05) in ileal digestibility values of crude pro-
tein and amino acids in peas determined by the difference method between the
three inclusion levels (168, 336 and 504 g peas kg™ diet) (Fan and Sauer, 1995b).
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The ileal digestibility values in peas were higher at the high (504 g kg'! diet) than
at the low (168 g kg diet) level of inclusion. Also, as the level of inclusion of
peas in the diets was increased, there was a decrease in the standard errors of the
means for the ileal digestibility values. Once more, these results show that the
accuracy of determination of apparent ileal amino acid digestibility values by the
difference method is dependent on the inclusion level of the assay feed ingre-
dient in the assay diet.

Linear relationships were established by the regression method between the
apparent ileal digestibility values of peas in the diets (diets 2, 3, 4, and 5) and the
contribution levels of crude protein and amino acids from the basal feed ingredient
(wheat) to the diets (Fan and Sauer, 1995b). Of the indispensable (+ semi-) amino
acids, the linear relationships were not significant (P>0.05) for histidine, threonine
and valine due to the fact that the differences in apparent ileal digestibility values
of these amino acids between the assay (peas) and the basal feed ingredient (wheat)
were not large enough to create linear variations. The principle for determining
apparent ileal amino acid digestibility values in the assay feed ingredient (peas) by
the regression method is illustrated in Figure 5 with cysteine as example.

85 1

Y =565+26.1X,r =0.85,n=20

Apparent ileal cysteine digestibility, %

Contribution levels of cysteine to the diets

Figure 5. Estimation of the apparent ileal digestibility of cysteine in the assay feed ingredient (peas)
by linearly regressing the ileal digestibility values (Y: %, means + SE) of cysteine in assay diets
against the contribution levels (X: decimal percentage) of cysteine from the basal feed ingredient
(wheat) to its content in the assay diets (Fan and Sauer, 1995b)
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As shown in Table 6, there were no differences ( P>0.05) between the direct,
difference, and the regression methods for the determination of apparent digesti-
bifities of amino acids in peas, as illustrated for the indispensable (+ semi-) amino
acids. However, the inclusion level of the assay feed ingredient in the assay diet
should be high in order to obtain more precise measurements.

TABLE 6
Determination of the apparent ileal digestibility values® (%) of crude protein and indispensable
(+ semi-} amino acids in peas by the direct, the difference and the regression methods (Fan and
Sauer, 1995b)

Mcthod of determination

ftems
direct method difference method" regression method
Number of observations 5 5 20
Crude protein 75.9+£1.20 751+ 1.20 -
Amino acids
arginine 89.8 + 0.81 80.9 + (.57 89.4 + 0.67
histidine 80.1 £ 1.08 8l.3x1.12 -
isoleucine 752+ 1.05 76.9+2.13 749+ 1.36
leucine 749+ 1.38 710+ 1.68 748 +1.27
lysine 83.5x£1.20 83.8 = 0.70 82.5+0.85
methionine 66.3 4 1.43 633+ 1,58 64.9 £ 1.67
cysteine 57.3+1.27 56.3+1.91 56.5+£1.39
phenylalanine 76.1£1.55 785=1.23 76.2£1.04
tyrosine 69.5 £ 191 70.2 £ 1.50 69.0 +1.35
threonine 68.0 £ 1.80 69.8 = 1.54 -
valing 72.8+£1.29 745+ 1.82 -

mean and standard error (n = 5)
® digestibility values calculated from diet 4 (504 g peas kg'h)

Other feedstuffs

These include feedstuffs low in protein and/or high in fibre content and those of
low palatability.

For some low-protein feedstufts such as rye, wheat bran, and forage plants, that
may be included in diets at limited levels of inclusion, because of poor palatability
and/or high fibre content, the determination of amino acid digestibility values is
often carried out by the difference method. Kreienbring et al. (1988) reported that
the apparent ileal digestibility values of amino acids in forage plants determined
by the difference method varied considerably, as indicated by large standard devia-
tions. As the amino acid contents in these forage plants were low and the inclusion
levels in the assay diets were also low, the large variation likely resulted from the
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magnifying effect induced by the calculations for determining amino acid digestibi-
lity values by the difference method. This magnifying effect was demonstrated by
Knabe et al. (1989) in studies with blood meal, which is of low palatability. The ileal
digestibility values of isoleucine, the hmiting amino acid in blood meal, of three
samples of blood meal were 60, 70, 80%, respectively. As was discussed by Knabe et
al. (1989), these values are not indicatives of the variation in ileal amino acid digesti-
bility values of isoleucine among the blood meal samples, as these resulted from a
difference of only three percentage units in digestibility values among the diets con-
taining both blood meal and soyabean meal. In these diets, biood meal contributed
only 15% isoleucine to the total dietary isoleucine content. One percentage unit change
in the digestibility value in the mixed diet resulted in a corresponding change in the
digestibility value of isoleucine of ten percentage units. As was concluded by Knabe
et al. (1989), differences in isoleucine digestibility among the blood meal samples
may simply be a reflection of experimental errors.

Based on the previous discussion it follows that the regression rather than the
difference method should be used to determine amino acid digestibility in feed-
stuffs such as forage plants and blood meal. As discussed previously, in order to
apply the regression method successfully to all amino acids, it is necessary that
there are sufficiently large differences in the digestibility values between the assay
and basal feed ingredients. This may not always be possible. At least in that case
differences should be created with respect to the limiting amino acids in the assay
feed ingredients.

Interactions between feedstuffs

The direct and difference methods are only valid if there are no interactions
between the assay and basal feed ingredients. The presence of linear relationships
for the majority of amino acids between the assay (peas) and the basal feed ingre-
dient (wheat) showed that there were no interactions in apparent ileal digestibility
values of amino acids between these two ingredients (Fan and Sauer, 1995b). There
also seemed to be no interactions between barley and cancla meal (Fan and Sauer,
1995a). Other studies with pigs, in which the difference method was used, showed
that the digestible amino acid supply in a complete diet can be predicted from
amino acid digestibility values determined in single feedstufls, at teast for diets
composed of barley and soyabean meal or canola meal (Imbeah et al., 1988). Fur-
thermore, studies by Laplace et al. (1989) showed no associative effects between
two fibre sources (wheat bran and soyabean hulls) on the ileal digestibility values
of most amino acids in a maize starch-based casein diet. Li and Sauer (1994) re-
ported linear increases in the apparent ileal digestibility values of amino acids in a
maize starch-based soyabean meal diet when the inclusion level of fat {canola oil)
was increased from 3.2 to 12.2%. Although the increases were significant (P<(.05)
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for all indispensable amino acids, these were of a small magnitude ranging from
1.4 for arginine to 3.6 percentage units for threonine.

The aforementioned studies point to the absence or very small associative ef-
fects on ileal amino acid digestibility values between feedstuffs. However, the pos-
sibility of associative effects between other feedstuffs should not be completely
ruled out. More investigations may be warranted, including feedstuffs with a high
content of antinutritional factors. Antinutritional factors, apart from affecting the
digestion and/or absorption of protein in the feedstufls in which these are present,
may also affect the utilization of protein in other dietary ingredients. In addition,
the digestion and absorption of endogenous protein secreted into small intestine
may be affected as well.

CONCLUSIONS

The ileal rather than faecal analysis method should be used for determining
amino acid digestibility values. Values determined with this method reflect the
digestive utilization of amino acids in feed ingredients by pigs. Ileal amino acid
digestibility values provide an estimate of amino acid availability values and should
be used in feed evaluation, and diet formulation.

Apparent ileal amino acid digestibility values reported in the literature, deter-
mined with the ileal analysis method, showed considerable variation among diffe-
rent samples of the same feedstuff in name. The variation in ileal amino acid di-
gestibility values within the same feedstuff was reviewed for cereal grains, protein
supplements, and legume seeds. In addition to different processing conditions and
inherent factors among samples of the same feedstuff, a large proportion of the
differences can be attributed to approaches in methodology.

Differences in dietary amino acid levels are likely to be the largest single con-
tributor to the variation of ileal amino acid digestibility values within the same
feedstuff. Dietary amino acid levels quadratically affect ileal amino acid digestibi-
lity values. In order to remove the effect of dietary amino acid levels, the plateau
apparent ileal amino acid digestibility values should be determined.

Methods of determination can also result in differences in ileal amino acid di-
gestibility values within the same feedstuff. In order to eliminate this variation,
methods of determination specifically suited for different feedstuffs are recom-
mended. For cereal grains, the regression and the difference method rather than the
direct method should be used. In most cases for protein supplements, the direct, the
difference and the regression methods are all suited for the determination. Howe-
ver, for feedstuffs including some protein supplements and by-products, that can
only be inciuded at low levels in the assay diets, the regression rather than direct or
the difference method should be used.
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STRESZCZENIE
Zmienno$é strawnosci aminokwasow u Swin: czynniki zwiazane z pasza i metoda oznaczania

W literaturze znajduje si¢ duzo danych dotyczacych pozornej strawnosci jelitowej aminokwa-
sow w paszach dla swin. Oprécz roznic w strawnoéci jelitowej aminokwasow migdzy poszczegodlny-
mi paszami, zaskakujaco duze rdznice wystepuja migdzy strawnoscig oznaczong w roznych probach
nominalnie tej samej paszy. Zrmienno$é te powoduja rézne warunki technologiczne i inne czynniki
roznicujace proby tej samej paszy, jednak czg$¢ zmiennosci mozna przypisac rdznym metodom
oznaczania strawnosci aminokwasow. Nalezy pamigtaé, ze na wartos¢ wspolczynnikdw strawnoscei
aminokwasdw moga wplywac rézne czynniki, jak stosowana metoda kolckeji tresci z jelita biedro-
wego, | inne, zalezne od badangj paszy. Jednym z czynnikow metodycznych wplywajacych na straw-
nosc jelitowa aminokwasow lej same) paszy sg roznice w zawartosci aminokwasow w paszy. Po-
ziom aminokwaséw w diccic wplywa na strawno$¢ jelitowa aminokwasow w sposdb krzywolinio-
wy. Dlatego w cele wyeliminowania tego wplywu strawnosé jelitowa aminokwaséw powinno sig
oznacza¢ przy poziomic, w ktdrym nie ma juz zaleznosci miedzy zawartoscia aminokwasow a ich
strawnoscia (poziom ,,plateau”), Na strawnos$c jelitowa tej samej paszy moga takze wplywaé metody
jej oznaczania, tj. bezposrednia, réznicowa lub regresyjna. W celu wyeliminowania tej zmiennosei
zaleca si¢ oznaczanie strawnosci metodany dopasowanymi do poszczegolnych rodzajdw pasz, Wszyst-
kic tc omowione czynniki nalezy braé pod uwagg przy wykorzystywaniu danych z literatury jako
podstawy uktadania diet dla $win.



