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INTRODUCTION

Canola meal, 00-rapeseed meal, and 00-rapeseed 
expellers may be used as alternative ingredients in 

animal diets because these ingredients have low con­
centrations of glucosinolates, a high concentration 
of CP, and relatively high concentration of minerals 
(Thomas, 2005; Newkirk, 2011). Solvent-extracted 
canola meal and 00-rapeseed meal usually contain 
1.00 to 1.10% total P (Liu et al., 1998; Newkirk, 
2009; NRC, 2012), but most of the P in canola meal 
is bound to phytic acid (Spragg and Mailer, 2007; 
Newkirk, 2009). As a consequence, apparent total 
tract digestibility (ATTD) and standardized total tract 
digestibility (STTD) of P in canola meal fed to pigs 
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ABSTRACT: An experiment was conducted to deter­
mine apparent total tract digestibility (ATTD) and 
standardized total tract digestibility (STTD) by grow­
ing pigs of P in canola meal, 00-rapeseed meal, and 
00-rapeseed expellers. Canola meal and 00-rapeseed 
meal are the coproducts produced after the residual oil 
has been solvent extracted from the prepressed canola 
seeds and 00-rapeseeds, respectively, whereas 00-rape­
seeed expellers is the coproduct from 00-rapeseeds that 
have been only expeller pressed. Two hundred sixteen 
barrows (18.0 ± 1.5 kg initial BW) were allotted to 
36 diets and 6 replicate pigs per diet. Five samples of 
canola meal from solvent-extraction crushing plants in 
North America, 8 samples of 00-rapeseed meal from 
solvent-extraction crushing plants in Europe, and 5 
samples of 00-rapeseed expellers from mechanical-
press crushing plants in Europe were used in the 
experiment. Eighteen diets were prepared by including 
40% of each source of canola meal, 00-rapeseed meal, 
or 00-rapeseed expellers in 1 diet. Eighteen additional 
diets were formulated by adding 1,500 units of micro­
bial phytase to the diets. The only source of P in the 
diets was canola meal, 00-rapeseed meal, or 00-rape­
seed expellers. Pigs were placed in metabolism crates 

that allowed for total fecal collection. Pigs were fed at 
2.5 times their estimated energy requirement for main­
tenance. Ingredients, diets, and feces were analyzed for 
P, and the ATTD and STTD of each source of canola 
meal, 00-rapeseed meal, and 00-rapeseed expellers 
were calculated. A value for endogenous P loss of 
190 mg/kg DMI was used to calculate the STTD of 
P. Results indicated that the ATTD and STTD of P for 
canola meal were not different from values obtained 
in 00-rapeseed meal, and the ATTD and STTD of P 
in 00-rapeseed meal were not different from values 
for 00-rapeseed expellers. The ATTD and STTD of P 
increased (P < 0.001) from 44.99 and 48.82% to 64.08 
and 67.97% for canola meal, from 46.77 and 50.36% 
to 63.53 and 67.29% for 00-rapeseed meal, and from 
44.83 and 48.60% to 69.18 and 72.99%, respectively, 
for 00-rapeseed expellers by adding microbial phytase 
to the diets. In conclusion, although the concentration 
of ether extract is much greater in 00-rapeseed expel­
lers than in 00-rapeseed meal and canola meal, the 
ATTD and STTD of P for these ingredients are not 
different, and addition of microbial phytase results in 
improved digestibility of P in canola meal, 00-rapeseed 
meal, and 00-rapeseed expellers.
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is low (Sauvant et al., 2004; NRC, 2012), but microbi­
al phytase may improve the digestibility of P in canola 
meal (Zhang et al., 2000; Akinmusire and Adeola, 
2009; Arntfield and Hickling, 2011; Rodríguez et al., 
2013). However, there are no comparative data for P 
digestibility in canola meal and 00-rapeseed meal.

If oil is removed from oilseeds using mechanical 
expelling rather than solvent extraction, the resulting 
expellers may be used as feed. 00-rapeseed expellers 
contain more oil and GE than 00-rapeseed meal, but 
there are limited data on the effects of microbial phy­
tase on P digestibility in 00-rapeseed expellers. It is 
also not known if values for digestibility of P with mi­
crobial phytase in 00-rapeseed meal are representative 
for 00-rapeseed expellers.

Therefore, the objectives of this experiment were 
to 1) compare the ATTD and STTD of P in canola meal 
and 00-rapeseed meal; 2) compare the ATTD and STTD 
of P between 00-rapeseed meal and 00-rapeseed expel­
lers; 3) determine if there is variation among sources of 
canola meal, 00-rapeseed meal, and 00-rapeseed expel­
lers; and 4) determine the effect of microbial phytase on 

the ATTD and STTD of P in canola meal, 00-rapeseed 
meal, and 00-rapeseed expellers.

MATERIALS AND METHODS

Animals, Housing, and Experimental Design
The experiment was approved by the Institutional 

Animal Care and use Committee at the University of 
Illinois, Urbana, IL. The experiment was conducted 
over 6 periods using 36 pigs in each period. Therefore, 
a total of 216 growing barrows (18.0 ± 1.50 kg initial 
BW; G-Performer boars × F-25 females; Genetiporc, 
Alexandria, MN) were used and allotted to a random­
ized complete block design with 36 diets and 6 replicate 
pigs per diet. All 36 experimental diets were fed to 1 pig 
during each of the 6 periods. Each experimental period 
was 12 d. Pigs were placed in metabolism crates (0.7 by 
0.8 m) that were equipped with a feeder and a nipple 
drinker, fully slatted floors, and a screen floor. This al­
lowed for the total collection of feces from each pig.

Table 1. Analyzed composition of canola meal, 00-rapeseed meal, and 00-rapeseed expellers, as-fed basis1

Sample  
  origin

DM,  
%

CP,  
%

AEE,2  
%

GE, 
kcal/kg

Ash,  
%

Ca,  
%

P,  
%

Phytate, 
%

Phytate P,3 
%

Phytate P, 
% of total P

Nonphytate P,4 
%

Nonphytate P, 
% of total P

Canola meal
1 90.47 39.35 4.31 4,229 8.40 1.21 1.04 2.93 0.82 79.31 0.22 20.69
2 90.18 39.79 3.01 4,207 7.32 0.79 1.05 2.95 0.83 79.09 0.22 20.91
3 89.81 38.11 4.44 4,237 7.36 0.67 0.95 2.72 0.77 80.60 0.18 19.40
4 90.40 36.71 3.79 4,196 7.39 0.83 0.94 2.59 0.73 77.56 0.21 22.44
5 89.44 37.57 3.58 4,235 6.93 0.76 1.01 2.97 0.84 82.78 0.17 17.22
Average 90.06 38.31 3.83 4,221 7.48 0.85 1.00 2.83 0.80 79.87 0.20 20.13

00-rapeseed meal
1 89.09 36.37 3.58 4,150 6.57 0.68 0.96 2.60 0.73 76.24 0.23 23.76
2 90.31 38.03 4.19 4,254 7.39 0.71 1.13 3.21 0.90 79.97 0.23 20.03
3 88.08 37.50 3.47 4,173 6.61 0.75 1.12 3.27 0.92 82.19 0.20 17.81
4 89.09 35.60 5.25 4,257 6.89 0.76 1.05 3.00 0.84 80.43 0.21 19.57
5 88.56 37.10 3.72 4,229 6.61 0.71 1.03 3.08 0.87 84.18 0.16 15.82
6 89.02 37.25 3.68 4,234 6.86 0.67 1.05 3.03 0.85 81.23 0.20 18.77
7 90.47 39.35 4.31 4,229 8.40 1.21 1.04 2.93 0.82 79.31 0.22 20.69
8 90.18 39.79 3.01 4,207 7.32 0.79 1.05 2.95 0.83 79.09 0.22 20.91
Average 88.96 36.82 3.70 4,203 6.87 0.74 1.07 3.08 0.87 80.97 0.20 19.03

00-rapeseed expellers
1 89.88 36.08 10.79 4,668 6.33 0.71 1.10 3.31 0.93 84.71 0.17 15.29
2 89.86 34.50 12.99 4,771 5.74 0.59 0.97 2.85 0.80 82.71 0.17 17.29
3 91.23 36.24 13.84 4,768 6.01 0.63 1.00 2.78 0.78 78.26 0.22 21.74
4 95.15 35.25 11.70 4,835 6.54 0.73 1.07 3.13 0.88 82.35 0.19 17.65
5 93.04 35.84 8.27 4,561 6.51 0.76 1.06 3.01 0.85 79.94 0.21 20.06
Average 91.83 35.58 11.52 4,721 6.23 0.68 1.04 3.02 0.85 81.59 0.19 18.41

1Canola meals were sourced from Canada (3 samples) and the United States (2 samples); 00-rapeseed meals were sourced from Belgium, France, 
Germany, the Netherlands (2 samples), Poland (2 samples) and the United Kingdom; and 00-rapeseed expellers were sourced from Germany (2 samples), 
Hungary, the Netherlands, and Poland.

2AEE = acid-hydrolyzed ether extract.
3Calculated as 28.2% of phytate (Tran and Sauvant, 2004).
4Calculated as total P – phytate P.
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Ingredients, Diets, and Feeding

Five samples of canola meal were obtained from 
solvent-extraction crushing plants in North America with 
3 samples being sourced from Canada and 2 samples 
were from the United States (Table 1). Eight samples of 
00-rapeseed meal were obtained from solvent-extrac­
tion crushing plants in Belgium, France, Germany, the 
Netherlands (2 samples), Poland (2 samples), and the 
United Kingdom, and 5 samples of 00-rapeseed expellers 
were obtained from mechanical-press crushing plants in 
Germany (2 samples), Hungary, the Netherlands, and 
Poland. Eighteen diets were prepared by including 40% 
of each source of canola meal, 00-rapeseed meal, and 
00-rapeseed expellers in 1 diet (Table 2). Eighteen ad­
ditional diets that were similar to the previous 18 diets, 
with the exception that 1,500 units/kg of microbial phy­
tase (Optiphos 2000; Huvepharma, Sofia, Bulgaria) was 
included in the diets, were also formulated. Vitamins and 
minerals other than P were included in all diets to meet 
or exceed requirements for growing pigs (NRC, 2012).

Experimental diets were fed to the pigs at a daily 
level of 2.5 times the estimated maintenance require­
ment for energy (i.e., 197 kcal ME/kg BW0.60; NRC, 
2012). Daily feed allotments were divided into 2 equal 
meals and fed at 0700 and 1700 h. Pigs had free to ac­
cess water throughout the experiment.

Data and Sample Collection

Pig weights were recorded at the beginning and at 
the end of each period, and the amount of feed supplied 
to each pig each day was recorded. The initial 5 d of 
each period was considered an adaptation period to the 
diet. Fecal samples were collected from d 6 through 12 
according to standard procedures using the marker to 
marker approach (Adeola, 2001). Briefly, fecal mark­
ers were fed on d 6 (0.5% chromic oxide) and on d 11 
(0.5% ferric oxide), and fecal collections were initiated 
when chromic oxide appeared in the feces and ceased 
when ferric oxide appeared. Fecal samples were col­
lected twice daily and stored at –20°C immediately 
after collection. Orts that were removed from feeders 

Table 2. Ingredient composition (%) of experimental diets, as-fed basis1,2

 
Item

Canola 
meal

00-rapeseed 
meal

00-rapeseed 
expellers

 
Cornstarch

 
Sucrose

 
Soy oil

 
Limestone

 
Salt

Vitamin–mineral 
premix3

Canola meal
1 40.0 – – 45.6 10.0 3.0 0.7 0.4 0.3
2 40.0 – – 45.6 10.0 3.0 0.7 0.4 0.3
3 40.0 – – 45.6 10.0 3.0 0.7 0.4 0.3
4 40.0 – – 45.6 10.0 3.0 0.7 0.4 0.3
5 40.0 – – 45.6 10.0 3.0 0.7 0.4 0.3

00-rapeseed meal
1 – 40.0 – 45.6 10.0 3.0 0.7 0.4 0.3
2 – 40.0 – 45.6 10.0 3.0 0.7 0.4 0.3
3 – 40.0 – 45.6 10.0 3.0 0.7 0.4 0.3
4 – 40.0 – 45.6 10.0 3.0 0.7 0.4 0.3
5 – 40.0 – 45.6 10.0 3.0 0.7 0.4 0.3
6 – 40.0 – 45.6 10.0 3.0 0.7 0.4 0.3
7 – 40.0 – 45.6 10.0 3.0 0.7 0.4 0.3
8 – 40.0 – 45.6 10.0 3.0 0.7 0.4 0.3

00-rapeseed expellers
1 – – 40.0 47.6 10.0 1.0 0.7 0.4 0.3
2 – – 40.0 48.6 10.0 – 0.7 0.4 0.3
3 – – 40.0 48.6 10.0 – 0.7 0.4 0.3
4 – – 40.0 48.1 10.0 0.5 0.7 0.4 0.3
5 – – 40.0 46.6 10.0 2.0 0.7 0.4 0.3

1Eighteen additional diets that were similar to the above 18 diets, with the exception that 0.03% phytase premix (Optiphos 2000; Enzyvia, Sheridan, IN) 
was included to each diet to provide 1,500 units of microbial phytase/kg diet, were also formulated.

2Canola meals were sourced from Canada (3 samples) and the United States (2 samples); 00-rapeseed meals were sourced from Belgium, France, 
Germany, the Netherlands (2 samples), Poland (2 samples) and the United Kingdom; and 00-rapeseed expellers were sourced from Germany (2 samples), 
Hungary, the Netherlands, and Poland.

3Provided the following quantities of vitamins and microminerals per kilogram of complete diet: 11,136 IU vitamin A as retinyl acetate, 2,208 IU vitamin 
D3 as cholecalciferol, 66 IU vitamin E as dl-alpha tocopheryl acetate, 1.42 mg vitamin K as menadione dimethylprimidinol bisulfite, 0.24 mg thiamin as 
thiamine mononitrate, 6.59 mg riboflavin, 0.24 mg pyridoxine as pyridoxine hydrochloride, 0.03 mg vitamin B12, 23.5 mg d-pantothenic acid as d-calcium 
pantothenate, 44.1 mg niacin, 1.59 mg folic acid, 0.44 mg biotin, 20 mg Cu as copper sulfate and copper chloride, 126 mg Fe as ferrous sulfate, 1.26 mg 
I as ethylenediamine dihydriodide, 60.2 mg Mn as manganese sulfate, 0.3 mg Se as sodium selenite and selenium yeast, and 125.1 mg Zn as zinc sulfate.
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by pigs were also collected for the calculation of the 
total feed consumption of each pig. At the conclusion of 
the experiment, fecal samples were thawed and mixed 
within animal and diet, and a subsample was collected 
for chemical analysis. Fecal samples were dried in a 
forced-air oven at 60°C, ground, and thoroughly mixed 
before a subsample was collected for analysis.

Chemical Analysis

Samples of canola meal, 00-rapeseed meal, 
00-rapeseed expellers, diets, and feces were analyzed 
for DM (method 930.15; Hortwitz and Latimer, 2007) 
and Ca and P were analyzed by inductively coupled 
plasma–optical emission spectrometry (method 
985.01 (A, B, and C); Hortwitz and Latimer, 2007). 
Canola meal, 00-rapeseed meal, and 00-rapeseed ex­
pellers were analyzed for phytate (Ellis et al., 1977), 
ash (method 942.05; Hortwitz and Latimer, 2007), and 
acid-hydrolyzed ether extract (AEE), which was de­
termined by acid hydrolysis using 3 N HCl (Sanderson, 
1986) followed by crude fat extraction with petroleum 
ether (method 954.02; Hortwitz and Latimer, 2007) 
on a Soxtec 2050 Automated Analyzer (FOSS North 
America, Eden Prairie, MN). Canola meal, 00-rape­
seed meal, 00-rapeseed expellers, and diets were 
also analyzed for CP by combustion (method 990.03; 
Hortwitz and Latimer, 2007) on an Elementar Rapid 
N-cube Protein/Nitrogen Apparatus (Elementar 
Americas Inc., Mt. Laurel, NJ) and GE by bomb calo­
rimetry (model 6300; Parr Instruments, Moline, IL). 
Diets were also analyzed for phytase activity (Phytex 
method, version 1; Eurofins, Des Moines, IA; Table 3).

Calculations and Statistic Analysis

Phytate-bound P in canola meal, 00-rapeseed 
meal, and 00-rapeseed expellers was calculated as 
28.2% of the concentration of analyzed phytate (Tran 
and Sauvant, 2004), and non-phytate-bound P was 
calculated by subtracting phytate-bound P from the 
concentration of total P. The ATTD of Ca and P and 
the STTD of P in each diet were calculated using the 
following equation (Almeida and Stein, 2010):

STTD of P (%) = [Pintake – (Pfeces – basal en­
dogenous loss)/Pintake] × 100,

in which Pintake and Pfeces are calculated in grams per 
day and the basal endogenous loss of P is 190 mg/kg 
DMI (NRC, 2012).

Data were analyzed using PROC MIXED in SAS 
(SAS Inst. Inc., Cary, NC). The presence of outli­
ers was tested using the UNIVARIATE procedure of 
SAS. The differences among sources of canola meal, 
00-rapeseed meal, or 00-rapeseed expellers were an­
alyzed using source as fixed effects, whereas the ef­
fects of phytase were analyzed using phytase as fixed 
effects. Period was included in the model as random 
effect. The mean values for each ingredient were cal­
culated using the LSMEANS statement. To compare 
the differences between canola meal and 00-rapeseed 
meal, the model included ingredient, phytase, and their 

Table 3. Analyzed composition of experimental diets, 
as-fed basis1

 
Item

Phytase, 
FTU2/kg

DM,  
%

CP,  
%

GE, 
kcal/kg

Ca,  
%

P,  
%

Canola meal
1 59.00 90.09 15.94 4,043 0.76 0.45
1 1,700 89.92 15.01 4,021 0.74 0.46
2 68.00 90.37 15.33 4,043 0.58 0.47
2 1,800 90.96 15.41 4,046 0.76 0.45
3 <50.00 90.03 14.97 4,085 0.66 0.44
3 1,800 90.92 14.07 4,041 0.64 0.43
4 63.00 90.00 13.64 4,005 0.62 0.43
4 1,700 91.06 13.88 3,981 0.65 0.43
5 <50.00 90.17 14.80 4,094 0.63 0.45
5 1,700 91.21 14.81 4,100 0.57 0.45

00-rapeseed meal
1 64.00 90.50 14.52 4,052 0.62 0.44
1 1,800 91.46 13.94 4,086 0.51 0.42
2 <50.00 90.71 13.90 4,065 0.69 0.49
2 1,800 91.60 15.59 4,066 0.55 0.48
3 <50.00 90.33 14.80 4,039 0.68 0.51
3 1,600 91.04 15.00 4,053 0.62 0.50
4 <50.00 90.08 14.45 4,060 0.61 0.47
4 1,800 90.91 13.88 4,047 0.56 0.45
5 66.00 90.88 14.71 4,006 0.60 0.46
5 1,800 91.57 14.56 4,061 0.59 0.45
6 77.00 90.08 13.95 4,033 0.63 0.47
6 1,700 90.03 14.06 4,032 0.56 0.44
7 <50.00 89.95 14.25 3,987 0.70 0.52
7 1,700 90.90 14.97 4,067 0.63 0.50
8 <50.00 89.97 14.26 3,974 0.59 0.47
8 1,600 90.80 14.71 4,007 0.56 0.46

00-rapeseed expellers
1 57.00 90.53 15.34 4,110 0.64 0.50
1 1,600 91.39 15.00 4,136 0.56 0.50
2 60.00 89.99 12.76 4,050 0.51 0.41
2 1,500 90.99 14.21 4,083 0.62 0.43
3 53.00 90.95 14.53 4,044 0.47 0.46
3 1,900 91.45 15.05 4,146 0.52 0.46
4 <50.00 91.54 13.82 4,069 0.56 0.47
4 1,800 92.48 13.60 4,090 0.53 0.44
5 <50.00 90.94 14.20 4,080 0.62 0.46
5 1,600 91.74 14.61 4,115 0.59 0.46

1Canola meals were sourced from Canada (3 samples) and the United 
States (2 samples); 00-rapeseed meals were sourced from Belgium, 
France, Germany, the Netherlands (2 samples), Poland (2 samples) and the 
United Kingdom; and 00-rapeseed expellers were sourced from Germany 
(2 samples), Hungary, the Netherlands, and Poland.

2FTU = phytase units.
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interaction as fixed effects and period as random ef­
fect. To compare the differences between 00-rapeseed 
meal and 00-rapeseed expellers, the model included 
processing method, phytase, and their interaction as 
fixed effects and period as random effect. The pig was 
the experimental unit, and significance among means 
was assessed at an α level of 0.05.

Results AND DISCUSSION

Concentrations of CP and ash in canola meal, 
00-rapeseed meal, and 00-rapeseed expellers observed 
in this experiment (Table 1) are in agreement with val­
ues for canola meal and canola expellers reported by 
Spragg and Mailer (2007), Rostagno et al. (2011), and 
the NRC (2012). The GE in canola meal and 00-rape­
seed meal agree with the values for canola meal report­
ed by Rostagno et al. (2011), but the concentrations of 
GE and AEE for canola meal, 00-rapeseed meal, and 
00-rapeseed expellers are greater than the values for 
canola meal, 00-rapeseed meal, canola expellers, and 
00-rapeseed expellers reported by de Blas et al. (2010), 
the Philippine Society of Animal Nutritionists (2010), 
and the NRC (2012). Concentrations of Ca and P in 

canola meal, 00-rapeseed meal, and 00-rapeseed ex­
pellers are in agreement with values for canola meal, 
rapeseed meal, canola expellers, and rapeseed expel­
lers reported by de Blas et al. (2010) and the NRC 
(2012). Concentrations of phytate P and nonphytate 
P in canola meal, 00-rapeseed meal, and 00-rapeseed 
expellers are also in agreement with the values for 
00-rapeseed meal and 00-rapeseed expellers reported 
by de Blas et al. (2010), and the concentrations of phy­
tate P and nonphytate P for 00-rapeseed expellers are 
in agreement with values for canola expellers reported 
by the NRC (2012). However, the concentration of 
phytate P in canola meal is greater than values for 
canola meal reported by Rostagno et al. (2011) and the 
NRC (2012). The concentration of phytate in canola 
and rapeseed is influenced by variety and availability 
of P in soil (Uppström and Svensson, 1980). Therefore, 
the observed differences in concentration of phytate P 
in canola meal and 00-rapeseed meal may vary due to 
differences among varieties and differences in envi­
ronmental conditions among locations where canola 
and rapeseeds are grown.

Without adding microbial phytase, P and Ca in­
take, excretion of Ca in feces, and absorbed Ca were 

Table 4. Apparent total tract digestibility (ATTD) of P and Ca and standardized total tract digestibility (STTD) 
of P in canola meal1

 
Item

 
Phytase

Feed intake, 
g DM/d

P intake, 
g/d

P output, 
g/d

Absorbed P, 
g/d

ATTD 
of P, %

STTD 
of P,2 %

Ca intake, 
g/d

Ca output, 
g/d

Absorbed 
Ca, g/d

ATTD 
of Ca, %

Canola meal
1 Without phytase 718 3.59 2.03 1.55 44.03 47.84 6.06 2.70 3.35 60.10
1 With phytase 708 3.62 1.40 2.23 61.31 65.02 5.83 2.00 3.83 65.88
2 Without phytase 677 3.52 1.86 1.66 46.81 50.46 4.35 1.86 2.49 57.14
2 With phytase 681 3.37 1.34 2.03 59.76 63.60 5.69 1.66 4.03 71.22
3 Without phytase 741 3.62 1.91 1.71 47.32 51.21 5.43 1.88 3.56 65.58
3 With phytase 703 3.33 1.05 2.28 68.05 72.07 4.95 1.24 3.71 74.33
4 Without phytase 670 3.20 1.73 1.47 45.28 49.26 4.62 1.83 2.79 59.45
4 With phytase 717 3.39 1.22 2.16 66.47 70.49 5.12 1.35 3.77 73.58
5 Without phytase 705 3.52 2.07 1.45 41.52 45.33 4.93 1.86 3.07 62.62
5 With phytase 697 3.44 1.20 2.24 64.83 68.68 4.36 1.16 3.20 72.89
Average Without phytase 702 3.49 1.92 1.57 44.99 48.82 5.08 2.02 3.05 60.98
Average With phytase 701 3.43 1.24 2.19 64.08 67.97 5.19 1.48 3.71 71.58
SEM3 Without phytase 58.17 0.29 0.20 0.15 2.85 2.85 0.44 0.28 0.30 3.14
P-value3 Without phytase 0.105 0.042 0.106 0.084 0.286 0.282 <0.001 <0.01 <0.01 0.275
SEM4 With phytase 53.75 0.26 0.10 0.21 1.80 1.80 0.39 0.19 0.35 3.00
P-value4 With phytase 0.799 0.301 <0.01 0.420 <0.01 <0.01 <0.001 <0.01 0.094 0.206
SEM5 – 65.942 4.892 0.164 0.197 1.853 1.857 0.492 0.231 0.338 2.006
P-value5 – 0.954 0.373 <0.001 <0.001 <0.001 <0.001 0.527 <0.001 <0.001 <0.001

1Canola meals were sourced from Canada (3 samples) and the United States (2 samples); 00-rapeseed meals were sourced from Belgium, France, 
Germany, the Netherlands (2 samples), Poland (2 samples) and the United Kingdom.; and 00-rapeseed expellers were sourced from Germany (2 samples), 
Hungary, the Netherlands, and Poland.

2Values for STTD were calculated by correcting values of ATTD using a constant value for endogenous P loss of 190 mg/kg DMI (NRC, 2012).
3Comparison of the 5 diets containing canola meal without microbial phytase.
4Comparison of the 5 diets containing canola meal with microbial phytase.
5Phytase effects.
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different (P < 0.05) among pigs fed diets containing 
different sources of canola meal (Table 4). Without 
adding microbial phytase, P and Ca intake and ab­
sorbed P and Ca were also different (P < 0.05) among 
pigs fed diets containing different sources of 00-rape­
seed meal (Table 5). However, the ATTD and STTD 
of P, excretion of P in feces, and ATTD of Ca were 
not different among pigs fed diets containing canola 
meal. Likewise, these values were also not different 
among pigs fed diets containing 00-rapeseed meal, but 
the P and Ca intake, excretion of P in feces, and ATTD 
and STTD of P were different (P < 0.01) among pigs 
fed diets containing 00-rapeseed expellers (Table 6). 
The ATTD and STTD of P for canola meal, 00-rape­
seed meal, and 00-rapeseed expellers that were cal­
culated in this experiment are greater than the values 
for canola meal, rapeseed meal, canola expellers, and 
rapeseed expellers reported by de Blas et al. (2010) 
and the NRC (2012).

The observation that the ATTD and STTD of P and 
ATTD of Ca were not different among pigs fed diets 
containing either canola meal or 00-rapeseed meal indi­
cates that sources of canola meal and 00-rapeseed meal 
are relatively consistent in terms of P digestibility and 
Ca digestibility. However, the observation that there are 
differences in the ATTD and STTD of P among pigs 
fed diets containing the different sources of 00-rapeseed 
expellers indicates that variability exists in terms of P 
digestibility among sources of 00-rapeseed expellers.

The ATTD of Ca for canola meal diets observed 
in this experiment is greater than the ATTD of Ca in 
canola meal reported by González-Vega et al. (2013). 
This is likely because in this experiment, both lime­
stone and canola meal contributed Ca to the diets, 
whereas all the Ca in the diets used by González-Vega 
et al. (2013) was from canola meal.

Phosphorus intake for pigs fed diets containing 
canola meal was less (P < 0.001) than for pigs fed diets 

Table 5. Apparent total tract digestibility (ATTD) of P and Ca and standardized total tract digestibility (STTD) 
of P in 00-rapeseed meal1

 
Item

 
Phytase

Feed intake, 
g DM/d

P intake, 
g/d

P output, 
g/d

Absorbed P, 
g/d

ATTD 
of P, %

STTD 
of P,2 %

Ca intake, 
g/d

Ca output, 
g/d

Absorbed 
Ca, g/d

ATTD 
of Ca, %

00-rapeseed meal
1 Without phytase 735 3.58 1.88 1.69 43.97 47.88 5.04 1.79 3.25 63.96
1 With phytase 715 3.29 1.13 2.15 65.42 69.56 3.99 1.29 2.70 68.06
2 Without phytase 715 3.86 1.93 1.93 49.53 53.05 5.44 1.80 3.64 66.60
2 With phytase 729 3.82 1.33 2.46 64.00 67.63 4.38 1.53 2.84 64.52
3 Without phytase 725 4.10 1.94 2.16 47.89 51.26 5.46 1.71 3.75 68.15
3 With phytase 704 3.87 1.53 2.34 60.16 63.62 4.80 1.41 3.39 70.32
4 Without phytase 750 3.92 2.29 1.63 42.38 46.02 5.08 2.08 2.91 57.92
4 With phytase 712 3.52 1.34 2.18 62.46 66.29 4.39 1.50 3.10 66.05
5 Without phytase 715 3.62 2.16 1.46 46.32 50.07 4.72 1.68 2.72 57.57
5 With phytase 695 3.42 1.18 2.24 65.31 69.18 4.48 1.25 3.22 71.95
6 Without phytase 728 3.80 2.05 1.75 46.25 49.90 5.09 2.00 3.09 60.76
6 With phytase 689 3.37 1.26 2.10 62.28 66.16 4.29 1.54 2.75 63.75
7 Without phytase 735 4.25 2.00 2.25 52.62 55.91 5.72 1.95 3.78 65.48
7 With phytase 683 3.75 1.36 2.40 62.81 66.26 4.73 1.49 3.25 67.30
8 Without phytase 714 3.73 2.07 1.67 45.18 48.81 4.69 1.92 2.76 59.49
8 With phytase 670 3.40 1.18 2.38 65.83 69.58 4.13 1.04 3.33 75.67
Average Without phytase 727 3.86 2.04 1.82 46.77 50.36 5.15 1.87 3.24 62.49
Average With phytase 700 3.56 1.29 2.28 63.53 67.29 4.40 1.38 3.07 68.45
SEM3 Without phytase 52.45 0.28 0.22 0.20 3.10 3.10 0.38 0.19 0.32 3.80
P-value3 Without phytase 0.944 <0.01 0.605 0.014 0.252 0.307 <0.01 0.738 <0.01 0.163
SEM4 With phytase 51.44 0.26 0.13 0.22 2.54 2.54 0.32 0.16 0.29 3.22
P-value4 With phytase 0.848 <0.05 <0.05 0.578 0.553 0.462 0.036 0.108 0.158 0.091
SEM5 – 62.64 0.33 0.18 0.20 1.83 1.83 6.77 2.33 0.32 2.82
P-value5 – 0.024 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001 0.083 <0.001

1Canola meals were sourced from Canada (3 samples) and the United States (2 samples); 00-rapeseed meals were sourced from Belgium, France, 
Germany, the Netherlands (2 samples), Poland (2 samples) and the United Kingdom; and 00-rapeseed expellers were sourced from Germany (2 samples), 
Hungary, the Netherlands, and Poland.

2Values for STTD were calculated by correcting values of ATTD using a constant value for endogenous P loss of 190 mg/kg DMI (NRC, 2012).
3Comparison of the 8 diets containing 00-rapeseed meal without phytase.
4Comparison of the 8 diets containing 00-rapeseed meal with phytase.
5Phytase effects.
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containing 00-rapeseed meal, and P intake was great­
er (P < 0.05) for pigs fed 00-rapeseed meal diets than 
pigs fed 00-rapeseed expeller diets (Table 7). Calcium 
intake was not different between pigs fed diets contain­
ing canola meal and pigs fed 00-rapeseed meal, but Ca 
intake by pigs fed diets containing 00-rapeseed meal 
was greater (P < 0.001) than by pigs fed diets contain­
ing 00-rapeseed expellers. Absorption of P by pigs fed 
canola meal diets was less (P < 0.01) than by pigs fed 
00-rapeseed meal diets, but the value was not different 
between pigs fed 00-rapeseed meal diets and 00-rape­
seed expellers diets. The ATTD and STTD of P were 
not different between canola meal and 00-rapeseed 
meal, and the values did not differ between 00-rapeseed 
meal and 00-rapeseed expellers. Absorption and ATTD 
of Ca were not different between pigs fed diets contain­
ing canola meal and 00-rapeseed meal, but absorption 
and ATTD of Ca were greater (P < 0.001) in 00-rape­
seed meal diets than in 00-rapeseed expellers diets.

Canola meal and 00-rapeseed meal were selected 
from the same variety (Brassica napus) and the same 
oil extraction procedure (mechanical press followed 
by solvent extraction) was used to extract the oil from 
the 2 ingredients. As a consequence, the concentration 

of phytate P and nonphytate P (80 and 20%, respec­
tively) were not different between canola meal and 
rapeseed meal, which likely is the reason ATTD and 
STTD of P in canola meal are similar to the ATTD 
and STTD of P in 00-rapeseed meal. The observation 
that ATTD and STTD of P for 00-rapeseed meal did 
not differ from the values for 00-rapeseed expellers 
indicates that different oil extraction procedures have 
no effects on the digestibility of P.

When microbial phytase was added to diets, ATTD 
and STTD of P were different (P < 0.01) among pigs 
fed diets containing canola meal, but this was not the 
case for pigs fed diets containing 00-rapeseed meal or 
00-rapeseed expellers (Tables 4, 5, and 6). However, 
ATTD of Ca was different (P < 0.05) among pigs fed 
diets containing 00-rapeseed expellers. Daily P output 
were reduced (P < 0.001) by addition of microbial phy­
tase to diets containing canola meal, 00-rapeseed meal, 
or 00-rapeseed expellers. As a consequence, the ATTD 
and STTD of P was increased (P < 0.001) as microbial 
phytase was used. Daily Ca output were also reduced (P 
< 0.001) and ATTD of Ca was increased (P < 0.001) by 
using microbial phytase. This observation is in agree­
ment with results reported by Akinmusire and Adeola 

Table 6. Apparent total tract digestibility (ATTD) of P and Ca and standardized total tract digestibility (STTD) 
of P in 00-rapeseed expellers1

 
Item

 
Phytase

Feed intake, 
g DM/d

P intake, 
g/d

P output, 
g/d

Absorbed 
P, g/d

ATTD 
of P, %

STTD 
of P,2 %

Ca intake, 
g/d

Ca output, 
g/d

Absorbed 
Ca, g/d

ATTD 
of Ca, %

00-rapeseed expellers
1 Without phytase 724 4.00 2.30 1.71 42.79 46.23 5.12 2.61 2.68 52.39
1 With phytase 721 3.94 1.31 2.63 67.09 70.56 4.42 1.47 2.95 67.09
2 Without phytase 665 3.03 1.72 1.32 43.20 47.37 3.77 1.74 2.02 53.97
2 With phytase 575 2.72 0.73 1.99 73.22 77.24 3.92 0.76 3.00 76.60
3 Without phytase 728 3.68 1.80 1.88 50.24 54.00 3.76 1.84 1.93 50.55
3 With phytase 754 3.80 1.06 2.74 71.86 75.64 4.29 1.26 3.03 70.12
4 Without phytase 775 3.98 2.41 1.57 39.65 43.36 4.74 2.24 2.50 52.94
4 With phytase 756 3.60 1.23 2.37 65.40 69.39 4.33 1.65 2.92 61.15
5 Without phytase 690 3.49 1.83 1.67 48.26 52.02 4.71 2.37 2.34 51.09
5 With phytase 697 3.49 1.12 2.37 68.33 72.12 4.48 1.40 3.08 67.03
Average Without phytase 716 3.64 2.01 1.63 44.83 48.60 4.42 2.16 2.29 52.19
Average With phytase 701 3.51 1.09 2.42 69.18 72.99 4.29 1.31 2.99 68.40
SEM3 Without phytase 60.79 0.30 0.21 0.21 2.64 2.64 0.36 0.31 0.28 5.08
P-value3 Without phytase 0.207 <0.01 <0.001 0.195 <0.001 <0.001 <0.001 0.148 0.098 0.981
SEM4 With phytase 146.72 0.28 0.14 0.21 2.48 2.48 0.38 0.21 0.30 3.61
P-value4 With phytase <0.001 <0.001 <0.01 0.083 0.081 0.072 0.41 0.304 0.893 0.027
SEM5 – 69.46 0.35 0.19 2.92 1.97 1.98 0.43 0.19 0.27 2.92
P-value5 – 0.482 0.355 <0.001 <0.001 <0.001 <0.001 0.391 <0.001 <0.001 <0.001

1Canola meals were sourced from Canada (3 samples) and the United States (2 samples); 00-rapeseed meals were sourced from Belgium, France, 
Germany, the Netherlands (2 samples), Poland (2 samples) and the United Kingdom; and 00-rapeseed expellers were sourced from Germany (2 samples), 
Hungary, the Netherlands, and Poland.

2Values for STTD were calculated by correcting values of ATTD using a constant value for endogenous P loss of 190 mg/kg DMI (NRC, 2012).
3Comparison of the 5 diets containing 00-rapeseed expellers without phytase.
4Comparison of the 5 diets containing 00-rapeseed expellers with phytase.
5Phytase effects.
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(2009), González-Vega et al. (2013), and Rodríguez et 
al. (2013). Addition of microbial phytase to growing pig 
diets decreases excretion of P and increases digestibility 
of P because phytate P is degraded in the gastrointestinal 
tract of pigs (Adeola et al., 2004; Selle et al., 2009). This 
explains why P digestibility increased as microbial phy­
tase was added to the diets. The increased digestibility 
of Ca that was observed when microbial phytase was 
used may be the result of an increased digestibility of 
Ca in limestone and canola coproducts, because dietary 
Ca may bind to phytate as Ca–phytate complexes in the 
gastrointestinal tract of pigs (Taylor, 1965). Therefore, 
adding microbial phytase to diets may reduce the Ca–
phytate complex, which will result in increased digest­
ibility of Ca from limestone and canola coproducts 
(Selle et al., 2009; González-Vega et al., 2013).

In conclusion, the ATTD and STTD of P and ATTD 
of Ca were not different among sources of canola meal 

or sources of 00-rapeseed meal, which indicates that 
a common book value for the digestibility of P and 
Ca may be used for canola meal or 00-rapeseed meal. 
However, differences in ATTD and STTD of P among 
sources of 00-rapeseed expellers were observed. The 
ATTD and STTD of P in canola meal were not dif­
ferent from the ATTD and STTD of P in 00-rapeseed 
meal, and the values did not differ between 00-rape­
seed meal and 00-rapeseed expellers. Therefore, the 
digestibility of P in canola meal is also representative 
of the digestibility in 00-rapeseed meal and 00-rape­
seed expellers. The ATTD of Ca in diets containing 
canola meal was also not different from values for di­
ets containing 00-rapeseed meal. However, the ATTD 
of Ca in diets containing 00-rapeseed meal was greater 
than in diets containing 00-rapeseed expellers, which 
indicates the oil extraction procedures may influence 
Ca digestibility. The ATTD and STTD of P and the 

Table 7. Apparent total tract digestibility (ATTD) of P and Ca and standardized total tract digestibility (STTD) 
of P in canola meal, 00-rapeseed meal, and 00-rapeseed expellers1

 
Item

Phytase, 
FTU2/kg

Feed intake, 
g DM/d

P intake, 
g/d

P output, 
g/d

Absorbed 
P, g/d

ATTD 
of P, %

STTD 
of P,3 %

Ca intake, 
g/d

Ca output, 
g/d

Absorbed 
Ca, g/d

ATTD 
of Ca, %

Canola meal – 702 3.49 1.92 1.57 44.99 48.82 5.08 2.02 3.05 60.98
Canola meal + 701 3.43 1.24 2.19 64.08 67.97 5.19 1.48 3.71 71.58
00-rapeseed meal – 727 3.86 2.04 1.82 46.77 50.36 5.15 1.87 3.24 62.49
00-rapeseed meal + 700 3.56 1.29 2.28 63.53 67.29 4.40 1.38 3.07 68.45
00-rapeseed expellers – 716 3.64 2.01 1.63 44.83 48.60 4.42 2.16 2.29 52.19
00-rapeseed expellers + 701 3.51 1.09 2.42 69.18 72.99 4.29 1.31 2.99 68.40
Canola meal vs. 00-rapeseed meal

SEM4 – 65.58 0.34 0.23 0.17 1.90 1.90 0.47 0.22 0.33 2.75
P-value4 – 0.039 <0.001 0.125 <0.01 0.251 0.316 0.572 0.141 0.187 0.324
SEM4 + 62.44 0.31 0.12 0.23 1.99 2.00 0.42 0.16 0.33 2.41
P-value5 + 0.902 0.128 0.453 0.272 0.721 0.648 <0.001 0.280 <0.001 0.066
Interaction6

SEM 52.22 0.27 0.14 0.16 1.62 1.62 0.37 0.15 0.27 2.14
P-value 0.15 0.028 0.368 0.143 0.225 0.251 <0.001 0.684 <0.001 0.055

00-rapeseed meal vs. 00-rapeseed expellers
SEM7 – 64.07 0.34 0.22 0.17 1.92 1.90 0.43 0.21 0.30 3.01
P-value7 – 0.470 0.026 0.744 0.050 0.255 0.304 <0.001 0.019 <0.001 <0.001
SEM8 + 66.42 0.34 0.14 0.23 2.13 2.13 0.41 0.16 0.30 2.60
P-value8 + 0.956 0.678 <0.01 0.076 <0.001 <0.001 0.313 0.639 0.585 0.976
Interaction9

SEM 53.59 0.28 0.15 0.16 1.62 1.62 0.35 0.15 0.25 2.40
P-value 0.607 0.209 0.166 <0.01 <0.01 <0.01 <0.01 0.061 <0.001 <0.001

1Canola meals were sourced from Canada (3 samples) and the United States (2 samples); 00-rapeseed meals were sourced from Belgium, France, 
Germany, the Netherlands (2 samples), Poland (2 samples) and the United Kingdom; and 00-rapeseed expellers were sourced from Germany (2 samples), 
Hungary, the Netherlands, and Poland.

2FTU = phytase units.
3Values for STTD were calculated by correcting values of ATTD using a constant value for endogenous P loss of 190 mg/kg DMI (NRC, 2012).
4Comparison of canola meal diets and 00-rapeseed meal diets without phytase.
5Comparison of canola meal diets and 00-rapeseed meal diets with phytase.
6Interaction between phytase and type of meal.
7Comparison of 00-rapeseed meal diets and 00-rapeseed expellers diets without phytase.
8Comparison of 00-rapeseed meal diets and 00-rapeseed expellers diets with phytase.
9Interaction between phytase and processing procedure.
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ATTD of Ca are greater if microbial phytase is added 
to the diets, which is likely a result of microbial phy­
tase hydrolyzing phytate-P bonds and reducing Ca–
phytate complexes in the gastrointestinal tract of pigs.
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