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Amino acid digestibility and concentration of digestible and metabolizable 
energy in copra meal, palm kernel expellers, and palm kernel meal fed to growing pigs

R. C. Sulabo, W. S. Ju,1 and H. H. Stein2

Department of Animal Sciences, University of Illinois at Urbana-Champaign, Urbana 61801

ABSTRACT: Two experiments were conducted to deter-
mine apparent ileal digestibility (AID) and standardized 
(SID) ileal digestibility of AA (Exp. 1) and the concentra-
tion of DE and ME (Exp. 2) in copra meal (CM), palm 
kernel expellers from Indonesia (PKE-IN), palm kernel 
expellers from Costa Rica (PKE-CR), palm kernel meal 
from Costa Rica (PKM), and soybean meal (SBM). In 
Exp. 1, 6 barrows (BW = 34.0 ± 1.4 kg) were randomly 
allotted to a 6 × 6 Latin square design with 6 diets and 6 
periods. One diet contained 30% SBM and 4 diets were 
formulated with 20% SBM and 30% (as-fed basis) CM, 
PKE-IN, PKE-CR, or PKM. The last diet was an N-free 
diet that was used to measure basal endogenous losses 
of CP and AA. The SID of CP and all indispensable AA 
except Met, Thr, and Trp was less (P < 0.05) in CM than in 
SBM, and the SID of CP and all indispensable AA except 
Trp was less (P < 0.05) in PKE-IN than in SBM. There 
were no differences (P > 0.05) in the SID of CP and all 
indispensable AA between PKE-CR and SBM, but the 
SID of CP and all indispensable AA were less (P < 0.05) in 
PKM than in SBM. The SID of CP was less (P < 0.05) in 
PKM compared with CM and PKE-CR, but there were no 
differences (P > 0.05) in the SID of all indispensable AA 

among CM, PKE-IN, PKE-CR, and PKM. In Exp. 2, 48 
barrows (BW = 35.2 ± 3.0 kg) were housed individually 
in metabolism cages and allotted to 6 diets in a random-
ized complete block design with 8 replicate pigs per diet. 
A corn-based diet and 5 diets containing 70% of the corn 
diet and 30% of CM, PKE-IN, PKE-CR, PKM, or SBM 
were formulated, and the DE and ME in CM, PKE-IN, 
PKE-CR, PKM, and SBM were calculated using the sub-
stitution procedure. The DE (3692, 3304, 2994, and 2905 
kcal/kg DM) and ME (3496, 3184, 2883, and 2766 kcal/
kg DM) in CM, PKE-IN, PKE-CR, and PKM, respec-
tively, were less (P < 0.05) than the DE and ME in SBM 
(4275 and 4062 kcal/kg DM, respectively). Copra meal 
had greater (P < 0.05) DE than PKE-IN, PKE-CR, and 
PKM and greater (P < 0.05) ME than PKE-CR and PKM. 
The DE in PKE-IN was greater (P < 0.05) than in PKM. 
In conclusion, the SID of most indispensable AA is less in 
CM, PKE-IN, and PKM than in SBM, but no differences 
among CM, PKE-IN, PKE-CR, and PKM were observed. 
The concentrations of DE and ME are less in CM, PKE-
IN, PKE-CR, and PKM than in SBM. The DE and ME of 
CM are greater than in PKE-CR and PKM.
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INTRODUCTION

The importance of agricultural coproducts as feed-
stuffs for swine has increased due to increases in the 
cost of traditional feed ingredients (Wachenheim et al., 
2006). Oilseed meals are co-products of the vegetable 
oil industry and are used in diets fed to poultry and 

livestock to provide CP and AA (Ravindran and Blair, 
1992). Soybean meal (SBM) is the most used oilseed 
meal in animal feeds due to its wide availability and fa-
vorable AA composition (Ramachandran et al., 2007), 
but other oilseed meals such as copra and palm kernel 
products may also be used. These ingredients are pri-
marily produced in tropical countries, but as the cost 
of SBM has increased, the interest in using copra and 
palm kernel ingredients has also increased.

Copra meal (CM) is produced after oil is extracted 
from the dried endosperm of the coconut (Cocos nu-
cifera). Palm kernel products are coproducts from the 
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kernels of the oil palm fruit (Elaeis guineensis) and are 
produced after the fruits have been deoiled. Processing 
plants use mechanical pressing, solvent (hexane) extrac-
tion, or a combination of these 2 methods to extract the 
oil. Palm kernel products of mechanical extraction are 
referred to as palm kernel expellers (PKE) and coprod-
ucts of solvent extraction are called palm kernel meal 
(PKM). Solvent extraction is more effi cient than me-
chanical pressing in removing oil from the palm kernels, 
and PKM, therefore, usually contains less residual oil 
than PKE. The use of copra or palm kernel products in 
swine diets has been evaluated, but effects on growth 
performance have been variable (Babatunde et al., 1975; 
Rhule, 1996; O’Doherty and McKeon, 2000). One of 
the reasons for these variable results may be that there 
are limited data on the digestibility of AA and energy in 
copra and palm kernel products to allow accurate feed 
formulation. The objectives of this work, therefore, were 
to determine digestibility of AA and the concentration 
of DE and ME in CM, PKE, and PKM, and to compare 
these values to those for SBM.

MATERIALS AND METHODS

Two experiments were conducted following proto-
cols approval from the Institutional Animal Care and 
Use Committee at the University of Illinois.

The same sources of CM, PKE, PKM, and SBM 
were used in both experiments (Table 1). Copra meal 
was obtained from Stance Global, Pty Ltd. (Chapel Hill, 
Queensland, Australia), and PKM was produced by and 
obtained from Industrial de Oleaginosas Americanas 
S.A. (INOLASA; Puntarenas, Costa Rica). Two sources 
of PKE were used. Indonesian PKE (PKE-IN) was ob-
tained from PPC Logistics (Oakland, CA), and Costa 
Rican PKE (PKE-CR) was sourced from Unimar (San 
José, Costa Rica). Soybean meal was obtained locally 
(Solae LLC, Gibson City, IL). Pigs used in the experi-
ments were the offspring of G-Performer boars that were 
mated to Fertilium 25 females (Genetiporc, Alexandria, 
MN).

AA Digestibility, Experiment 1

Exp. 1 was designed to compare the apparent ileal 
digestibility (AID) and the standardized ileal digestibil-
ity (SID) of AA in CM, PKE-IN, PKE-CR, PKM, with 
the AID and SID of CP and AA in SBM. Six growing 
barrows (initial BW = 34.0 ± 1.4 kg) were randomly al-
lotted to a 6 × 6 Latin square design with 6 diets and 6 
periods, using a spreadsheet-based program to balance 
potential residual effects (Kim and Stein, 2009). Pigs 
were equipped with a T-cannula in the distal ileum using 
procedures adapted from Stein et al. (1998), and all pigs 

were housed in individual pens (1.2 × 1.5 m) in an en-
vironmentally controlled room after surgery. Each pen 
was equipped with a feeder and a nipple drinker and had 
fully slatted T-bar fl oors.

Six diets were prepared (Tables 2 and 3). One diet 
contained cornstarch, sucrose, and 30% (as-fed basis) 
SBM as the sole source of AA. Four diets were formu-
lated with 20% SBM and 30% (as-fed basis) CM, PKE-
IN, PKE-CR, or PKM. The last diet was an N-free diet 
that was used to measure basal endogenous losses of CP 
and AA. All diets contained 0.4% chromic oxide as an 
indigestible marker and vitamins and minerals were in-
cluded to meet or exceed current requirement estimates 
(NRC, 1998). All pigs were provided daily feed at a lev-
el of 3 times their maintenance energy requirement (i.e., 
106 kcal ME per kg0.75; NRC, 1998), and equal meals 
were provided every day at 0800 and 1700 h. Animals 
had free access to water throughout the experiment.

Pig BW were recorded at the beginning of the ex-
periment and at the end of each period. The initial 5 d 

Table 1. Analyzed nutrient composition of ingredients 
(as-fed basis)

Item
Ingredient1

CM PKE-IN PKE-CR PKM SBM
DM, % 92.9 90.8 93.0 91.9 87.8
GE, kcal/kg 4445 4447 4517 4250 4345
CP (N × 6.25), % 22.0 14.2 14.4 13.6 47.0
AEE2, % 1.9 7.4 6.3 1.3 1.9
NDF, % 54.8 68.5 72.6 77.9 6.9
ADF, % 26.9 41.9 44.1 49.4 4.2
Ash, % 6.0 4.0 3.8 3.8 6.0
Indispensable AA, %

Arg 2.08 1.52 1.53 1.36 3.34
His 0.35 0.20 0.20 0.17 1.16
Ile 0.66 0.48 0.46 0.41 2.15
Leu 1.20 0.84 0.79 0.71 3.51
Lys 0.42 0.34 0.39 0.36 2.91
Met 0.27 0.26 0.24 0.22 0.66
Phe 0.79 0.55 0.51 0.47 2.30
Thr 0.55 0.38 0.36 0.33 1.73
Trp 0.15 0.12 0.12 0.05 0.62
Val 0.97 0.67 0.63 0.57 2.27

Dispensable AA, %
Ala 0.85 0.54 0.51 0.46 2.02
Asp 1.50 1.02 0.97 0.89 5.22
Cys 0.28 0.17 0.16 0.17 0.66
Glu 3.34 2.36 2.22 2.02 8.02
Gly 0.82 0.59 0.57 0.53 1.92
Pro 0.60 0.39 0.40 0.36 2.60
Ser 0.71 0.51 0.48 0.44 2.01
Tyr 0.41 0.30 0.28 0.29 1.63
1CM = copra meal; PKE-IN = palm kernel expellers from Indonesia; 

PKE-CR = palm kernel expellers from Costa Rica; PKM = palm kernel 
meal; and SBM = soybean meal.

2AEE = acid-hydrolyzed ether extract.
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of each period were considered an adaptation period to 
the diet. Ileal digesta were collected for 8 h on d 6 and 
7 by attaching a plastic bag to the cannula barrel, which 
allowed for collection of digesta fl owing into the bag. 
Bags were removed whenever they were fi lled with di-
gesta, or at least once every 30 min, and stored at -20°C 
to prevent bacterial degradation of AA in the digesta. On 
the completion of 1 experimental period, animals were 
deprived of feed overnight, and the next morning a new 
experimental diet was offered.

At the conclusion of the experiment, ileal samples 
were thawed, mixed within animal and diet, and a sub-
sample was collected for chemical analysis. A sample of 
CM, PKE-IN, PKE-CR, PKM, and SBM and of each diet 
was also collected. Digesta samples were lyophilized 
and fi nely ground before chemical analysis. All samples 
were analyzed for DM by oven drying duplicate samples 
at 135°C for 2 h (Method 930.15; AOAC International, 
2007). The concentration of N in all samples was deter-
mined using the combustion procedure (Method 990.03; 

AOAC International, 2007) on an Elementar Rapid 
N-cube protein/nitrogen apparatus (Elementar Americas 
Inc., Mt. Laurel, NJ). Aspartic acid was used as a cali-
bration standard and CP was calculated as N × 6.25.

Amino acids were analyzed on a Hitachi Amino Acid 
Analyzer (Model L8800; Hitachi High Technologies 
America Inc., Pleasanton, CA) using ninhydrin for 
postcolumn derivatization and norleucine as the inter-
nal standard. Before analysis, samples were hydrolyzed 
with 6N HCl for 24 h at 110°C (Method 982.30 E (a, b, c); 
AOAC, 2007). Methionine and Cys were analyzed as 
Met sulfone and cysteic acid after cold performic acid 
oxidation overnight before hydrolysis. Tryptophan was 
determined after NaOH hydrolysis for 22 h at 110°C. 
Concentrations of Cr in diets and ileal digesta were 
measured using an inductive coupled plasma atomic 
emission spectrometric method (Method 990.08; AOAC 
International, 2007) after nitric acid-perchloric acid 
wet ash sample preparation (Method 968.088D; AOAC 
International, 2007). Ingredients were also analyzed 

Table 2. Ingredient composition of experimental diets 
(as-fed basis), Exp. 1

Item
Diet1

CM PKE-IN PKE-CR PKM SBM N-Free
Ingredient, %
CM 30.00 – – – – –
PKE-IN – 30.00 – – – –
PKE-CR – – 30.00 – – –
PKM – – – 30.00 – –
SBM (47% CP) 20.00 20.00 20.00 20.00 30.00 –
Cornstarch 23.00 23.00 23.00 23.00 43.00 68.10
Soybean oil 4.00 4.00 4.00 4.00 4.00 4.00
Sucrose 20.00 20.00 20.00 20.00 20.00 20.00
Solka-fl oc2 – – – – – 4.00
Limestone 0.70 0.70 0.70 0.70 0.70 0.80
Dicalcium phosphate 1.20 1.20 1.20 1.20 1.20 1.50
Magnesium oxide – – – – – 0.10
Potassium carbonate – – – – – 0.40
Chromic oxide 0.40 0.40 0.40 0.40 0.40 0.40
Salt 0.40 0.40 0.40 0.40 0.40 0.40
Vitamin mineral premix3 0.30 0.30 0.30 0.30 0.30 0.30
Total 100.00 100.00 100.00 100.00 100.00 100.00

1CM = copra meal; PKE-IN = palm kernel expellers from Indonesia; 
PKE-CR = palm kernel expellers from Costa Rica; PKM = palm kernel 
meal; and SBM = soybean meal.

2Fiber Sales and Development Corp., Urbana, OH.
3The vitamin-mineral premix provided the following quantities of vita-

mins and minerals per kilogram of complete diet: vitamin A as retinyl ac-
etate, 11,128 IU; vitamin D3 as cholecalciferol, 2204 IU; vitamin E as DL-
α-tocopheryl acetate, 66 IU; vitamin K as menadione nicotinamide bisulfi te, 
1.42 mg; thiamine as thiamine mononitrate, 0.24 mg; ribofl avin, 6.58 mg; 
pyridoxine as pyridoxine hydrochloride, 0.24 mg; vitamin B12, 0.03 mg; 
D-pantothenic acid as D-calcium pantothenate, 23.5 mg; niacin as nico-
tinamide, 1.0 mg, and nicotinic acid, 43.0 mg; folic acid, 1.58 mg; biotin, 
0.44 mg; Cu, 10 mg as copper sulfate; Fe, 125 mg as iron sulfate; I, 1.26 mg 
as potassium iodate; Mn, 60 mg as manganese sulfate; Se, 0.3 mg as sodium 
selenite; and Zn, 100 mg as zinc oxide.

Table 3. Analyzed nutrient composition of experimen-
tal diets (as-fed basis), Exp. 1

Item
Diet1

CM PKE-IN PKE-CR PKM SBM N-Free
DM, % 93.6 92.9 93.1 93.5 92.8 92.3
CP (N × 6.25), % 17.6 15.3 15.6 14.6 17.0 0.4
Indispensable AA, %

Arg 1.31 1.14 1.11 1.23 0.97 0.02
His 0.35 0.30 0.28 0.32 0.35 0.01
Ile 0.61 0.58 0.55 0.61 0.65 0.02
Leu 1.09 0.98 0.91 1.04 1.07 0.04
Lys 0.72 0.70 0.68 0.76 0.88 0.02
Met 0.21 0.21 0.20 0.22 0.19 0.01
Phe 0.71 0.64 0.59 0.67 0.69 0.02
Thr 0.54 0.47 0.43 0.51 0.51 0.01
Trp 0.18 0.15 0.15 0.17 0.22 0.04
Val 0.73 0.67 0.63 0.70 0.70 0.02
Mean 6.45 5.84 5.53 6.23 6.23 0.21

Dispensable AA, %
Ala 0.67 0.58 0.54 0.61 0.62 0.02
Asp 1.54 1.39 1.29 1.48 1.59 0.03
Cys 0.21 0.18 0.17 0.20 0.20 0.01
Glu 2.68 2.37 2.21 2.52 2.49 0.08
Gly 0.65 0.58 0.54 0.61 0.59 0.02
Pro 0.68 0.59 0.55 0.61 0.67 0.02
Ser 0.66 0.56 0.50 0.62 0.59 0.01
Tyr 0.43 0.38 0.35 0.42 0.38 0.01
Mean 7.60 6.70 6.21 7.14 7.20 0.28
All AA 14.05 12.54 11.74 13.37 13.43 0.49
1CM = copra meal; PKE-IN = palm kernel expellers from Indonesia; PKE-

CR = palm kernel expellers from Costa Rica; PKM = palm kernel meal; and 
SBM = soybean meal.
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for ADF (Method 973.18; AOAC International, 2007), 
NDF (Holst, 1973), acid-hydrolyzed ether extract (AEE, 
Method 2003.06; AOAC International, 2007), and ash 
(Method 942.05; AOAC International, 2007).

Values for AID and SID of CP and AA were calcu-
lated for each diet (Stein et al., 2007). The AID and SID 
values for SBM were used to calculate the contribution 
of SBM to the diets containing CM, PKE-IN, PKE-CR, 
and PKM. The AID and SID in CM, PKE-IN, PKE-CR, 
and PKM were then calculated by difference (Fan and 
Sauer, 1995). Homogeneity of variances was confi rmed 
and outliers were tested using the UNIVARIATE pro-
cedure (SAS Inst. Inc., Cary, NC), but no outliers were 
detected. Data were analyzed using the MIXED proce-
dure. The model included diet as the fi xed effect and pig 
and period as random effects. Least squares means were 
calculated for each independent variable. When diet was 
a signifi cant source of variation, means were separated 
using the PDIFF option of SAS with a Tukey-Kramer 
adjustment. The pig was the experimental unit for all 
calculations, and the α level used to determine signifi -
cance among means was 0.05.

Energy Measurements, Experiment 2

Exp. 2 was designed to compare the apparent total 
tract digestibility (ATTD) of GE and the DE and ME 
content in CM, PKE-IN, PKE-CR, PKM, with values 
determined for SBM. A total of 48 growing barrows 
(initial BW = 35.2 ± 3.0 kg) were used in this experi-
ment with 8 replicate pigs per diet. Pigs were placed in 
metabolism cages that were equipped with a feeder and 
a bowl drinker, fully slatted fl oors, a screen fl oor, and 
urine trays, which allowed for the total, but separate, 
collection of urine and fecal materials from each pig.

A corn diet consisting of 96.28% corn (as-fed ba-
sis) and vitamins and minerals was formulated (Table 4). 
Five additional diets were formulated by mixing 70% 
(as-fed basis) of the basal diet with 30% (as-fed basis) of 
CM, PKE-IN, PKE-CR, PKM, or SBM. The quantity of 
feed provided per pig daily was calculated as 3 times the 
estimated requirement for maintenance energy for the 
smallest pig in each replicate at the start of the experi-
mental period and divided into 2 equal meals that were 
provided at 0700 and 1600 h. Water was available at all 
times. The experiment lasted 14 d. The initial 7 d were 
considered an adaptation period to the diet, and urine 
and fecal materials were collected during the next 5 d 
according to the marker-to-marker approach (Adeola, 
2001). Urine was collected over a preservative of 50 mL 
of 6N HCl. Fecal samples and 20% of the collected urine 
were stored at −20°C immediately after collection.

At the conclusion of the experiment, urine samples 
were thawed and mixed within animal and diet, and a 

subsample was lyophilized and used for analysis (Kim et 
al., 2009). Fecal samples were dried in a forced-air oven 
and fi nely ground before analysis. Fecal, urine, diet, and 
ingredient samples were analyzed in duplicate for GE 
using bomb calorimetry (Model 6300; Parr Instruments, 
Moline, IL), and the ATTD of GE in each diet was cal-
culated (Adeola, 2001). The amount of energy lost in 
the feces and in the urine, respectively, was calculated 
as well, and the quantities of DE and ME in each of the 
6 diets were calculated (Adeola, 2001). The DE and ME 
in the corn diet was then multiplied by 70% to calculate 
the contribution from the corn diet to the DE and ME in 
diets containing CM, PKE-IN, PKE-CR, PKM, or SBM. 
The DE and ME in CM, PKE-IN, PKE-CR, PKM, and 
SBM were then calculated by difference (Widmer et al., 
2007). Data were analyzed using the MIXED procedure 
as outlined for Exp. 1. The model included diet as the 
fi xed effect and replicate as the random effect.

Table 4. Composition of experimental diets (as-fed 
basis), Exp. 2

Item
Diet1

Corn CM PKE-IN PKE-CR PKM SBM
Ingredient, %

Corn 96.28 67.40 67.40 67.40 67.40 67.40
CM – 30.00 – – – –
PKE-IN – – 30.00 – – –
PKE-CR – – – 30.00 – –
PKM – – – – 30.00 –
SBM (48% CP) – – – – – 30.00
Limestone 1.29 0.90 0.90 0.90 0.90 0.90
Dicalcium phosphate 1.43 1.00 1.00 1.00 1.00 1.00
Salt 0.57 0.40 0.40 0.40 0.40 0.40
Vitamin mineral premix2 0.43 0.30 0.30 0.30 0.30 0.30
Total 100.00 100.00 100.00 100.00 100.00 100.00

Analyzed composition
GE, kcal/kg 3849 3947 3979 3988 3940 3880
1CM = copra meal; PKE-IN = palm kernel expellers from Indonesia; PKE-

CR = palm kernel expellers from Costa Rica; PKM = palm kernel meal; and 
SBM = soybean meal.

2The vitamin-mineral premix provided the following quantities of vita-
mins and minerals per kilogram of complete diet: vitamin A as retinyl ac-
etate, 11,128 IU; vitamin D3 as cholecalciferol, 2204 IU; vitamin E as DL-
α-tocopheryl acetate, 66 IU; vitamin K as menadione nicotinamide bisulfi te, 
1.42 mg; thiamine as thiamine mononitrate, 0.24 mg; ribofl avin, 6.58 mg; 
pyridoxine as pyridoxine hydrochloride, 0.24 mg; vitamin B12, 0.03 mg; 
D-pantothenic acid as D-calcium pantothenate, 23.5 mg; niacin as nico-
tinamide, 1.0 mg, and nicotinic acid, 43.0 mg; folic acid, 1.58 mg; biotin, 
0.44 mg; Cu, 10 mg as copper sulfate; Fe, 125 mg as iron sulfate; I, 1.26 mg 
as potassium iodate; Mn, 60 mg as manganese sulfate; Se, 0.3 mg as sodium 
selenite; and Zn, 100 mg as zinc oxide.
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RESULTS

Nutrient Composition of Ingredients
The concentration of CP in CM was 22.0% (as-fed 

basis), whereas the CP concentration in PKE-IN, PKE-
CR, and PKM was between 13.6 and 14.4% (as-fed 
basis; Table 1). Gross energy concentrations in CM, 
PKE-IN, PKE-CR, PKM, and SBM were 4445, 4447, 
4517, 4250, and 4345 kcal/kg, respectively (as-fed ba-
sis). The concentration of AEE in PKE-IN and PKE-CR 
was 7.4 and 6.3%, respectively (as-fed basis), but the 
concentration of AEE in CM, PKM, and SBM was be-
tween 1.3 and 1.9% (as-fed basis). The NDF and ADF 
concentrations in PKE-IN, PKE-CR, and PKM were 
between 68.5 and 77.9% (as-fed basis) and 41.9 and 
49.4% (as-fed basis), respectively, whereas CM con-
tained 54.8% NDF and 26.8% ADF (as-fed basis), and 
the NDF and ADF concentrations in SBM were only 
6.9 and 4.2%, respectively (as-fed basis). The con-
centration of ash was 6.0% (as-fed basis) in both CM 
and SBM, but only 4.0, 3.8, and 3.8% (as-fed basis) in 
PKE-IN, PKE-CR, and PKM, respectively.

AA Digestibility, Experiment 1

The AID of CP in CM, PKE-IN, and PKM were less 
(P < 0.05) than in SBM (Table 5). However, CM and 
PKE-CR had greater (P < 0.05) AID of CP compared 
with PKM. There were no differences (P > 0.05) in the 
AID of CP between CM, PKE-IN, and PKE-CR. The 
AID of all indispensable AA was less (P < 0.05) in PKE-
IN and PKM than in SBM, and CM had less (P < 0.05) 
AID of all indispensable AA except for Arg, Met, Phe, 
and Thr compared with SBM. Except for Thr, the AID of 
all indispensable AA in PKE-CR was not different (P > 
0.05) from values obtained in SBM. There were no dif-
ferences (P > 0.05) in the AID of all indispensable AA in 
CM, PKE-IN, PKE-CR, and PKM. Except for Gly, Pro, 
and Tyr, the AID of all dispensable AA was less (P < 
0.05) in CM, PKE-IN, and PKE-CR than in SBM. The 
AID of all dispensable AA in PKM was less (P < 0.05) 
than in SBM.

The SID of CP and all indispensable and dispensable 
AA were less (P < 0.05) in PKM than in SBM (Table 6). 
Likewise, the SID of CP and all indispensable AA except 
Trp was less (P < 0.05) in PKE-IN than in SBM, and the 
SID of CP and all indispensable AA except Met, Thr, and 
Trp was less (P < 0.05) in CM than in SBM. However, 
there were no differences (P > 0.05) in the SID of CP 
and all indispensable AA between PKE-CR and SBM. 
The SID of CP was less (P < 0.05) in PKM compared 
with CM and PKE-CR, but there were no differences (P 
> 0.05) in the SID of all indispensable AA among CM, 

PKE-IN, PKE-CR, and PKM. For most dispensable AA, 
no differences (P > 0.05) in SID values were observed 
among CM, PKE-IN, PKE-CR, and PKM.

Energy Measurements, Experiment 2

When calculated on an as-fed basis, no differences 
(P > 0.05) in DE and ME among corn, CM, and SBM 
were observed (Table 7), but the DE and ME in PKE-
IN, PKE-CR, and PKM were less (P < 0.05) than in 
corn and SBM. The DE and ME in CM were greater 
(P < 0.05) than in PKE-CR and PKM. Copra meal 
also had greater (P < 0.05) DE than PKE-IN. The DE 
and ME were not different (P > 0.05) among PKE-IN, 
PKE-CR, and PKM.

On a DM basis, the DE of corn was less (P < 0.05) 
than in SBM, but there were no differences (P > 0.05) 
in ME between corn and SBM. The DE and ME in CM 
were less (P < 0.05) than in SBM, but not different (P > 
0.05) from the DE and ME of corn. However, PKE-IN, 
PKE-CR, and PKM contained less (P < 0.05) DE and 

Table 5. Apparent ileal digestibility (AID, %) of CP 
and AA in copra meal (CM), palm kernel expellers from 
Indonesia (PKE-IN), palm kernel expellers from Costa 
Rica (PKE-CR), palm kernel meal (PKM), and soybean 
meal (SBM)1, Exp. 1

Item
Ingredient

SEMCM PKE-IN PKE-CR PKM SBM
CP 69.8b 67.0bc 73.7ab 59.1c 80.9a 2.5
Indispensable AA, %

Arg 85.8ab 82.0b 86.2ab 82.6b 89.2a 1.6
His 77.8b 76.2b 79.6ab 75.7b 85.6a 2.1
Ile 77.6b 77.5b 80.8ab 76.5b 86.0a 1.7
Leu 77.9b 76.3b 79.9ab 75.8b 84.8a 2.0
Lys 67.6b 68.7b 73.2ab 66.1b 83.3a 3.3
Met 82.6ab 80.0b 83.9ab 79.4b 86.1a 1.8
Phe 81.0ab 79.4b 81.9ab 78.6b 86.1a 1.6
Thr 68.3ab 66.6b 67.7b 65.1b 75.9a 2.5
Trp 83.5b 82.9b 84.1ab 82.3b 88.2a 1.5
Val 73.8b 73.5b 76.8ab 71.8b 81.3a 2.2
Mean 77.7b 76.2b 79.6ab 75.3b 84.6a 1.9

Dispensable AA, %
Ala 70.1b 66.8bc 71.8b 63.6c 78.3a 2.9
Asp 74.7b 71.9b 73.5b 71.4b 85.2a 1.8
Cys 61.2b 67.5b 69.1b 64.6b 78.9a 2.6
Glu 77.0b 76.3b 80.8b 78.2b 88.3a 1.5
Gly 51.1ab 44.1ab 53.7ab 38.4b 60.9a 6.4
Pro 28.3a -11.1ab 13.2a −57.1b 35.0a 17.9
Ser 75.0ab 71.9b 73.4b 72.5b 80.4a 2.1
Tyr 78.3ab 76.6ab 78.2ab 75.5b 82.4a 2.0
Mean 68.9ab 63.5bc 69.1ab 59.5c 78.3a 3.2
All AA 73.0b 69.4b 74.0ab 66.8b 81.2a 2.5
a–cValues within a row lacking a common superscript letter are different 

(P < 0.05).
1Data are least squares means of 6 observations for all treatments.
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ME than corn and SBM. Copra meal also had greater 
(P < 0.05) DE than PKE-IN, PKE-CR, and PKM, and 
greater (P < 0.05) ME than PKE-CR and PKM. The 
DE in PKE-IN was greater (P < 0.05) than in PKM, 
but there were no differences (P > 0.05) in ME among 
PKE-IN, PKE-CR, and PKM.

DISCUSSION

Composition of Ingredients
The nutrient composition of SBM and CM is in agree-

ment with published values (Sauvant et al., 2004; NRC, 
1998) and the composition of PKE-IN and PKE-CR is 
also in agreement with reported values (Agunbiade et al., 
1999; Kim et al., 2001; Février et al., 2001; Sauvant et 

al., 2004; Ezieshi and Olomu, 2007). However, there are 
limited data on the nutrient composition of PKM. Copra 
meal also contained less GE and more NDF compared 
with published values for copra expellers (O’Doherty 
and McKeon, 2000; Sauvant et al., 2004; PHILSAN, 
2010), which is likely a result of the reduced concentra-
tion of fat in CM compared with copra expellers.

AA Digestibility, Experiment 1

The AID and SID values for AA in SBM are in agree-
ment with published values (NRC, 1998; Sauvant et al., 
2004), but the AID of AA in CM that were determined 
in this experiment were greater than values reported by 
NRC (1998) and Han et al. (2003). Specifi cally, the AID 
of Lys that was calculated for CM in this experiment is 
much greater than reported values (Loosli et al., 1954; 
Creswell and Brooks, 1971). To our knowledge, no data 
for the SID of AA in CM have been published; however, 
the SID values obtained for most AA in CM in this ex-
periment are in agreement with SID values reported for 
copra expellers (Sauvant et al., 2004). The SID values 
for CP and AA in the 2 sources of PKE and in PKM 
were greater than previous data for PKE (Février et al., 
2001; Sauvant et al., 2004). Specifi cally, the SID of Lys 
in PKE-IN, PKE-CR, and PKM were almost twice the 
values that have been reported (Sauvant et al., 2004).

The reduced digestibility of CP and AA in CM, 
PKE-IN, and PKM compared with values calculated for 
SBM was also observed in other experiments (Nwokolo 
et al., 1976; Février et al., 2001; Kim et al., 2001; Ao 
et al., 2011). These observations may be due to the 
greater concentration of dietary fi ber in these ingredi-
ents compared with SBM. Compared with most other 
oilseed meals, copra and palm kernel products contain 
more NDF and ADF and copra and palm kernel ingre-
dients are relatively high in lignin (Göhl, 1981), and 
NDF negatively affects the AID of CP and AA in pigs 
(Lenis et al., 1996; Yin et al., 2000; Dilger et al., 2004). 

Table 6. Standardized ileal digestibility (SID, %) of CP 
and AA in copra meal (CM), palm kernel expellers from 
Indonesia (PKE-IN), palm kernel expellers from Costa 
Rica (PKE-CR), palm kernel meal (PKM), and soybean 
meal (SBM),1,2 Exp. 1

Item
Ingredient

SEMCM PKE-IN PKE-CR PKM SBM
CP 79.9b 78.5bc 85.0ab 71.3c 91.3a 2.5
Indispensable AA, %

Arg 91.2b 88.2b 92.5ab 88.3b 96.5a 1.6
His 82.5b 81.7b 85.4ab 80.8b 90.3a 2.1
Ile 81.6b 81.7b 85.2ab 80.4b 89.7a 1.7
Leu 81.6b 80.4b 84.3ab 79.7b 88.5a 2.0
Lys 72.8b 74.1b 78.8ab 71.1b 87.6a 3.3
Met 85.5ab 82.9b 87.0ab 82.2b 89.2a 1.8
Phe 84.5b 83.2b 86.0ab 82.2b 89.6a 1.6
Thr 76.7ab 76.1b 78.2ab 73.9b 84.7a 2.5
Trp 88.4ab 88.8ab 90.0ab 87.5b 92.2a 1.5
Val 79.0b 79.1b 82.8ab 77.2b 86.7a 2.2
Mean 82.6b 81.5b 85.2ab 80.3b 89.6a 1.9

Dispensable AA, %
Ala 78.2bc 76.1bc 81.8ab 72.5c 86.7a 2.9
Asp 78.9b 76.5b 78.4b 75.8b 89.2a 1.8
Cys 68.0c 75.3bc 77.5ab 71.7bc 86.0a 2.6
Glu 79.9b 79.6b 84.3b 81.2b 91.4a 1.5
Gly 76.2ab 72.0ab 83.8ab 65.1b 88.3a 6.4
Pro 128.8a 104.0ab 137.0a 54.9b 136.2a 17.9
Ser 82.0ab 80.2b 82.7ab 80.0b 88.2a 2.1
Tyr 82.8ab 81.6ab 83.7ab 80.1b 87.5a 2.0
Mean 83.7bc 80.2bc 87.2ab 75.2c 93.8a 3.2
All AA 83.2bc 80.8bc 86.2ab 77.6c 91.8a 2.5
a–cValues within a row lacking a common superscript letter are different 

(P < 0.05).
1Data are least squares means of 6 observations for all treatments.
2Standardized ileal digestibility values were calculated by correcting the 

values for apparent ileal digestibility for the basal ileal endogenous losses. 
Basal ileal endogenous losses were determined as (g/kg of DMI): CP, 19.04; 
Arg, 0.76; His, 0.18; Ile, 0.26; Leu, 0.43; Lys, 0.41; Met, 0.06; Phe, 0.26; Thr, 
0.48; Trp, 0.09; Val, 0.41; Ala, 0.58; Asp, 0.69; Cys, 0.15; Glu, 0.83; Gly, 
1.74; Pro, 7.31; Ser, 0.50; Tyr, 0.21; and all AA, 15.38.

Table 7. Digestible energy and ME in corn, copra meal 
(CM), palm kernel expellers from Indonesia (PKE-IN), 
palm kernel expellers from Costa Rica (PKE-CR), palm 
kernel meal (PKM), and soybean meal (SBM),1 Exp. 2

Item
Ingredient

SEMCorn CM PKE-IN PKE-CR PKM SBM
As-fed basis

DE, kcal/kg 3,579a 3,430a 3,000b 2,785b 2,669b 3,753a 82
ME, kcal/kg 3,488a 3,248ab 2,891bc 2,681c 2,542c 3,566a 108

DM basis
DE, kcal/kg 4,021b 3,692b 3,304c 2,994cd 2,905d 4,275a 89
ME, kcal/kg 3,919ab 3,496bc 3,184cd 2,883d 2,766d 4,062a 117
a–dValues within a row lacking a common superscript letter are different 

(P < 0.05).
1Data are least squares means of 8 observations for all treatments.
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In a recent review, Dégen et al. (2007) calculated that 
the AID of CP is reduced by 0.3 to 0.8% for every per-
centage point increase in NDF in the diet, but the nega-
tive effect on the digestibility of CP and AA of soluble 
dietary fi bers is greater than of insoluble dietary fi bers 
(Roberfroid, 1993; Zervas and Zijlstra, 2002; Dégen et 
al., 2007). Copra meal, PKE, and PKM contain rela-
tively high concentrations of soluble dietary fi ber, such 
as β-mannans and glucomannans (Balasubramaniam, 
1976; Saittagaroon et al., 1983; Daud and Jarvis, 1992; 
Dusterhoft et al., 1992), and with the exception of guar 
gum, PKM has the greatest concentration of β-mannans 
among all feed ingredients (Göhl, 1981; Dierick, 1989).

In CM, PKM, and PKE-IN, Lys had the least digest-
ibility among all indispensable AA, which may be a re-
sult of heat damage that may have taken place during 
drying or processing of the ingredients (Samson, 1971; 
Février et al., 2001). Processing of copra is a heat-in-
tensive process, which involves numerous steps that re-
quire heat treatment in extended periods of time. Before 
oil extraction, fresh coconut meat that contain approx-
imately 50% moisture is dried to reduce the moisture 
content to 6 to 8% (Head et al., 1999). At the oil mill, 
dried copra is cooked under temperatures ranging from 
104 to 110°C for up to 30 min to reduce moisture to 2 
to 3%. Palm kernels are also subjected to heat treatment 
during processing (Ravindran and Blair, 1992). The ker-
nels are cleaned, broken into small pieces, fl aked, and 
steam-conditioned at 104 to 110°C to reduce moisture 
content to 3% before oil removal. It is, therefore, possi-
ble that the heat that is used during processing results in 
Maillard reactions, which may reduce the digestibility of 
Lys (Rutherfurd and Moughan, 2007; Pahm et al., 2008).

Energy Measurements, Experiment 2

The DE and ME values for corn that were obtained 
in this experiment were in close agreement with pub-
lished values (NRC, 1998; Sauvant et al., 2004; Kim et 
al., 2009). The DE and ME for SBM were slightly great-
er than values reported by NRC (1998) and Sauvant et 
al. (2004), but in agreement with recently published 
data (Goebel and Stein, 2011). The lack of a difference 
between the DE and ME of corn and SBM was also 
observed in other experiments (Baker and Stein, 2009; 
Goebel and Stein, 2011) and indicates that the DE and 
ME in SBM may be greater than previously estimated.

The DE value for CM was slightly greater than the 
value reported by NRC (1998), but a greater difference 
was observed for ME. In the present experiment, the 
ME:DE ratio in CM was 95%, which is greater than 
the ME:DE ratio (85%) in copra meal reported by NRC 
(1998). However, the ME:DE ratio for copra expeller is 

93% (Sauvant et al., 2004), which is close to the value 
obtained in the present experiment. The reason for the 
differences in the ME:DE ratio among CM sources is 
not known; however, the wide variation in protein di-
gestibility among sources of CM may partly contribute 
to these differences because the digestible protein con-
centration in the diet affects urinary N excretion and uri-
nary energy loss, which is the main variable that affects 
the metabolic utilization of DE for ME (Noblet and van 
Milgen, 2004). The DE and ME of CM obtained in this 
experiment are within the wide range of values reported 
for copra expellers (Lekule et al., 1986; Sauvant et al., 
2004; PHILSAN, 2010).

To our knowledge, there are no published data for 
the DE and ME of PKM in pigs. However, the DE and 
ME for the 2 sources of PKE that were used in this 
experiment are in agreement with values determined 
by Agunbiade et al. (1999) but greater than values 
reported by Sauvant et al. (2004). The ATTD of GE 
reported by Sauvant et al. (2004) is only 42%, which 
is much less than the values obtained in the present 
experiment and in the experiment by Agunbiade et al. 
(1999), which is likely the reason for the differences 
in DE and ME values between Sauvant et al. (2004) 
and the present experiment.

Partial replacement of corn and SBM in swine diets 
with either copra expellers or PKE resulted in a reduc-
tion in energy digestibility of the diets, and consequently, 
reduced growth performance (O’Doherty and McKeon, 
2000; Kim et al., 2001; Ao et al., 2011). This indicates 
that copra expellers and PKE may contain less DE and 
ME than corn and SBM, which was also observed in this 
experiment. The increased concentration of dietary fi ber 
in CM, PKE, and PKM compared with corn and SBM 
is likely the main reason for this observation because 
dietary fi ber reduces energy digestibility (Noblet and 
Perez, 1993; Yin et al., 2000; Noblet and Le Goff, 2001).

Conclusions

The SID of most AA is less in CM, PKE, and PKM 
compared with the SID of AA in SBM. Specifi cally, the 
SID of Lys in copra meal and palm kernel ingredients 
is less than in SBM and also less than the SID of most 
other indispensable AA in these ingredients, which is 
likely a consequence of heat damage taking place during 
the drying or oil extraction process. The concentrations 
of DE and ME are also less in CM, PKE, and PKM, than 
in SBM, but CM contains more DE and ME than PKE 
and PKM. There are no differences in the digestibility 
of most AA and in the DE and ME between PKE from 
Indonesia and PKE from Costa Rica.
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