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Abstract

Background: There is a lack of data for the standardized ileal digestibility (SID) of fat and fatty acids in national

feed databases. In addition, it is important to specify the procedures used for fat analyses. Therefore, an experiment
was conducted to 1) determine the apparent ileal digestibility (AID) and SID of fat and fatty acids in ten different oil
sources for growing pigs and to develop prediction equations for SID of fat based on fatty acid composition; and 2)
compare the effect of the fat extraction methods on the calculated values for endogenous loss and digestibility of fat.

Methods: Twenty-two barrows (initial body weight: 32.1 £ 2.3 kg) were surgically fitted with a T-cannula in the distal
ileum, and allotted to 1 of 11 experimental diets in a 4-period Youden Square design. A fat-free diet was formulated
using cornstarch, soy protein isolate and sucrose. Ten oil-added diets were formulated by adding 6% of dietary oil
sources to the fat-free diet at the expense of cornstarch. All diets contained 26% sugar beet pulp and 0.40% chromic
oxide.

Results: The endogenous loss of ether extract (EE) was lower than that of acid-hydrolyzed fat (AEE; P<0.01). There
were significant differences in the AID and SID of fat and saturated fatty acids across the dietary oil sources (P < 0.05).
The SID of AEE for palm oil was lower than that of sunflower oil, corn oil, canola oil, rice oil and flaxseed oil (P<0.01).
The AID and SID of fat ranged from 79.65% to 86.97% and from 91.14% to 99.18%. Although the AID of EE was greater
than that of AEE (P<0.01), there was no significant difference in SID of EE and AEE except for palm oil. The ratio of
unsaturated to saturated fatty acids (U/S) had a positive correlation with SID of fat (P<0.05), whereas C16:0 and long
chain saturated fatty acids (LSFA) were significant negatively correlated with SID of fat (P<0.01). The best-fit equation
to predict SID of fat was SID AEE=102.75—0.15 x LSFA — 0.74 x C18:0 — 0.03 x C18:1 (Adjusted coefficient of deter-
mination=0.88, P<0.01).

Conclusions: When calculating the SID of fat, the EE content of the samples can be analyzed using the direct extrac-
tion method, whereas the acid hydrolysis procedure should be used to determine the AID of fat. Fat digestibility of
dietary oils was affected by their fatty acid composition, especially by the contents of C16:0, LSFA and U/S.
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vitamins, reduces dust and improves the palatability of
the diet [1-3]. Considering the high prices of dietary
oils, the nutritive value of different oil sources should
be accurately evaluated to achieve precise nutrition. It is
well known that the digestibility of nutrients, in practi-
cal feed-ingredient assessment, is usually used to deter-
mine the proportion of nutrients that is absorbed [4]. The
standardized ileal digestibility (SID) of fat and fatty acids
is more reflective of availability of dietary oils in pigs. The
terminology and determination method of SID of fat and
fatty acids need to be further clarified.

The oil sources used in animal diets are diverse in
fatty acid composition, which may influence the diges-
tion, absorption and metabolic utilization of dietary oils
[5]. Saturation degree, carbon chain length and posi-
tional distribution of fatty acids, and free fatty acid con-
tent greatly influence the potential for micelle formation
by affecting the concentration of mixed bile-salt lipid
micelles in the intestinal lumen [6, 7]. Studies correlating
the effect of individual fatty acids on dietary oil digestibil-
ity are very limited.

Previous studies have successfully established predic-
tion equations for energy values of dietary oil sources in
pigs [8—10]. The development of such prediction equa-
tions potentially reduces the need for expensive and
time-consuming animal trials. Unfortunately, there is
no available information on the prediction of SID of fat
in oils for growing pigs. In addition, the procedure used
to analyze fat (direct extraction or acid hydrolysis) may
influence the calculated values for endogenous loss and
digestibility of fat. However, no studies have compre-
hensively compared the effect of extraction methods on
endogenous loss and digestibility of fat. Selection of the
appropriate laboratory method is critical for accurate
assessment of fat digestibility.

Our previous study showed that correcting appar-
ent ileal digestibility (AID) for basal endogenous losses
of fat (ELF) and fatty acids (ELFA) obtained by the fat-
free diet method can accurately estimate SID values [11].
Therefore, the objective of the current study was to deter-
mine the AID and SID of fat and fatty acids in different
oil sources for growing pigs and to develop prediction
equations for SID of fat based on fatty acid composition.
These values are critical for the determination of fatty
acid requirements. An additional objective was to com-
pare the effect of the extraction methods of fat on the cal-
culated values for endogenous loss and digestibility of fat.

Materials and methods

All protocols used in the present experiment were
reviewed and approved by the Institutional Animal Care
and Use Committee of China Agricultural University
(Beijing, China).
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Animals and experimental design

This experiment was conducted in the Metabolism
Laboratory of Fengning Swine Research Unit at China
Agricultural University (Academician Workstation
in Chengdejiuyun Agricultural and Livestock Co.,
Ltd). Twenty-two crossbred barrows (Duroc x Lan-
drace x Yorkshire; initial body weight: 32.1£2.3 kg)
were used in the experiment for 4 periods. Pigs were
housed in individual stainless-steel metabolism crates
(1.4 mx 0.7 m x 0.6 m) equipped with a stainless-steel
feeder and a water nipple. Room temperature was main-
tained at 22 +2 “C. Barrows were surgically fitted with a
T-cannula in the distal ileum [12] and were allotted to
1 of 11 experimental diets in a 4-period Youden Square
design which resulted in 8 observations per dietary treat-
ment. Each experimental period lasted 10 d. Pigs had
freedom of movement within the confines of their crates
and free access to water throughout the experiment.

Diets and feeding

The fat sources used in the present experiment contained
sunflower oil, peanut oil, corn oil, canola oil, rice oil, soy-
bean oil, palm oil, cottonseed oil, flaxseed oil and coconut
oil, all of which were food grade (free fatty acids<0.2%).
Fatty acid composition of the ten oil sources were shown
in Table 1. A fat-free diet was formulated from corn-
starch, soy protein isolate and sucrose (Additional file 1),
in which the fat content was negligible (Table 2; 0.29%
acid-hydrolyzed fat; AEE, dry matter; DM basis). Ten oil-
added diets were formulated by adding 6% of dietary fat
sources to the fat-free diet at the expense of cornstarch.
The same batch of sugar beet pulp (26%) was used for all
experimental diets as a fiber source. The same propor-
tion of vitamins, minerals and crystalline amino acids
were supplemented across diets to meet or exceed nutri-
ent recommendations of growing pigs as recommended
by NRC [13]. Chromic oxide (0.40%) was contained in all
diets as an inert marker.

Daily feed allowance for each collection period was
adjusted. Barrows were weighed at the beginning of each
period and supplied with experimental diets at 4% of
their body weight. Diets were offered in two equal meals
at 0800 and 1700 h daily. Water was available continu-
ously for each pig. All diets were stored at 4 °C to prevent
oxidative rancidity and were allowed to adjust to room
temperature at least 12 h before being fed.

Sample collection

Each experimental period involved 6 d for diet adap-
tation followed by 2 d for collection of feces and 2
d for collection of ileal digesta. On d 7 and 8, fresh
fecal samples were collected into plastic bags as soon
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Table 1 Fatty acid composition of dietary oil sources, % of total fatty acids
Fatty acid Sunflower Peanutoil Cornoil Canolaoil Riceoil Soybeanoil Palmoil Cottonseedoil Flaxseedoil Coconut oil
seed oil
C6:0 - — - - - - - - 0.00 045
80 — - - - - — 0.01 - 0.01 6.25
C10:0 - - - 0.01 0.00 - 0.02 - - 538
C12:0 - 0.01 0.01 0.02 0.01 0.01 0.19 0.01 0.01 4555
C14:0 0.07 0.04 0.03 0.06 0.24 0.08 0.97 0.74 0.05 19.29
C15:0 0.02 0.01 0.01 0.02 0.03 0.02 0.04 0.02 0.04 0.01
C16:0 7.03 876 12.01 4.21 18.16 11.02 39.76 2233 5.66 10.23
cie:l 0.10 0.08 0.09 0.21 0.14 0.09 017 0.53 0.14 0.02
C17.0 0.04 0.08 0.07 0.04 0.05 0.10 0.10 0.09 0.12 0.01
C180 3.73 3.03 1.81 1.99 1.52 445 4.44 2.10 3.12 2.99
C18:1n9%¢ 26.35 60.41 26.94 47.87 39.49 22.63 42.27 16.23 26.51 749
C182n6c  60.75 20.18 5722 17.28 37.00 53.35 1.1 56.98 14.09 2.06
C18:3n3 0.28 0.09 0.60 744 1.27 6.82 0.16 0.21 48.87 0.02
C20:0 031 1.29 048 0.74 0.68 042 040 0.26 0.18 0.11
C20:1 0.18 153 0.29 6.52 0.64 0.23 0.16 0.09 0.46 0.06
C21:0 0.04 0.02 0.06 0.25 0.06 0.07 0.01 0.09 0.07 —
C20:4n6 - - - - — - - — 0.11 -
C22:0 0.77 2.65 0.15 0.36 0.22 046 0.08 0.16 0.35 0.02
C22:1n9 0.01 0.17 0.02 1230 0.07 0.02 - 0.01 0.04 -
C23:0 0.05 0.05 0.03 0.04 0.04 0.07 0.02 0.05 0.05 0.00
24:.0 0.26 1.59 0.15 0.18 0.35 0.17 0.09 0.12 0.10 0.05
€241 0.01 0.02 0.02 044 0.03 0.01 0.00 0.00 0.03 -
MCFA - 0.01 0.01 0.03 0.01 0.01 0.22 0.02 0.03 57.63
LSFA 11.24 13.23 14.48 7.32 20.75 16.17 4572 25.62 9.23 32.65
LUFA 87.67 82.46 85.17 91.63 78.60 83.13 53.87 74.04 90.22 9.65
SFA 12.32 17.52 14.81 793 21.37 16.87 46.13 25.96 9.75 90.35
MUFA 26.65 62.21 2737 67.35 4037 2297 42.60 16.86 27.18 757
PUFA 61.03 20.26 57.82 24.72 38.26 60.17 11.27 57.19 63.07 2.08
UFA 87.68 8248 85.19 92.07 7863 83.14 53.87 74.04 90.25 9.65
u/s 7.1 4.71 5.75 11.62 3.68 493 117 2.85 9.25 0.1

MCFA Medium-chain fatty acids (6—12 carbons), LSFA Long-chain saturated fatty acids (13—21 carbons), LUFA Long-chain unsaturated fatty acids (13—21
carbons), SFA Saturated fatty acids, MUFA Monounsaturated fatty acids, PUFA Polyunsaturated fatty acids, UFA Unsaturated fatty acids, U/S The ratio of unsaturated to

saturated fatty acids
— Below the limit of quantification

as possible after they appeared in metabolism crates
throughout the day and were stored at—20 °C imme-
diately [14]. On d 9 and 10, ileal digesta collection
lasted for 9 h daily beginning at 0800 h [12]. During
this period, ileal digesta samples were collected into
plastic bags attached to the open cannula by cable
ties. Bags were removed whenever they were half full
of the digesta or at least every 30 min and then stored
at —20 °C immediately. At the end of the experiment,
fecal and ileal samples were thawed and pooled for
each pig within experimental period, and a subsam-
ple was collected. Fecal and digesta subsamples were
lyophilized in a vacuum-freeze dryer (Tofflon Freeze

Drying Systems, Minhang District, Shanghai, China)
and ground through a 1-mm screen for further chemi-
cal analysis.

Chemical analyses

Experimental diets were analyzed for DM (method
930.15) [15], crude protein (CP) (method 990.03) [15],
ether extract (EE) [16], AEE (method 954.02) [15], neu-
tral detergent fiber (NDF) and acid detergent fiber (ADF),
fatty acid profiles and chromium. The ADF and NDF
were determined using F57 filter bags and fiber analyzer
equipment (Fiber Analyzer; Ankom Technology, Mac-
edon, NY, USA) according to the procedure of van Soest
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et al. [17] with the slight modification. The NDF was
analyzed using heat stable a-amylase and sodium sulfite
without correction for insoluble ash. The fatty acid pro-
files were determined using Gas Chromatography (6890
Series, Agilent Technologies, Wilmington, DE, USA) fol-
lowing a modification of the procedures of Sukhija and
Palmquist [18]. The chromium concentration was deter-
mined using a polarized Zeeman Atomic Absorption
Spectrometer (Hitachi Z2000, Tokyo, Japan) after nitric
acid-perchloric acid wet ash sample preparation. Fecal
and ileal digesta samples were analyzed for DM, EE, AEE,
fatty acid profiles and chromium. Oil sources were ana-
lyzed for fatty acid profiles. All analyses were conducted
in duplicate.

Calculation
Added oil was the sole source of fat and fatty acids in
the oil-added diets. Therefore, the AID and SID for fat
and fatty acids in the test diet were equal to that of the
oil. Similar to studies on amino acid digestibility of feed
ingredients, the values of the endogenous losses, AID
and SID of fat and fatty acids in the diet were calculated
according to equations described by Stein et al. [19]. Fur-
thermore, in the present experiment, the fat content of
the sample was analyzed using two methods, resulting
in two representations of the fat content, ether extract
and acid hydrolyzed fat, both of which represent “fat”
content.

The AID for fatty acid in each oil-added diet was calcu-
lated using the following equation:

AID = [1 — (FAd/FAf) x (Crf/Crd)] x 100%,

in which FAd and Crd were the concentrations of fatty
acid and chromium in the ileal digesta (g/kg of DM) and
FAf and Crf were the concentrations of fatty acid and
chromium in the oil-added diet (g/kg of DM). The AID
of EE and AID of AEE were calculated using the equation
shown above.

The basal ELF and ELFA were measured from pigs fed
the fat-free diet based on the following equation:

[FAend = [FAd x (Crf /Crd)],

in which IFAend was the basal ELFA (g/kg DMI) and
FAd and Crd were the concentrations of FA and Cr in the
ileal digesta in the fat-free diet. The Crf was the concen-
tration of chromium in the fat-free diet. The endogenous
loss of ether extract and acid-hydrolyzed fat were deter-
mined using the equation shown above.

The SID for fatty acids in each oil-added diet was cal-
culated by adjusting the AID of fatty acids using the basal
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ELFA as follows. The SID of EE and SID of AEE were
determined using the same equation:

SID = [AID + (IFAend /FAf) x 100%],

Statistical analyses

All data were analyzed statistically using SAS 9.4 (SAS
Inst. Inc., Cary, NC, USA). Homogeneity of variance was
verified using the UNIVARIATE procedure of SAS. Die-
tary treatment was a fixed effect and pig and period were
the random effects in the model. Individual pig was the
experimental unit for all analyses. The LSMEANS pro-
cedure was used to calculate mean values of all dietary
treatments. The t-test procedure was used to compare
ileal and total tract basal endogenous losses. Data for AID
and SID of fat and fatty acid were analyzed by ANOVA
using the MIXED procedure of SAS. Multiple compari-
sons were conducted using Tukey’s test. The t-test pro-
cedure was used to compare the differences in calculated
values for endogenous loss of EE and AEE, AID of EE and
AEE or SID of EE and AEE. The relationship between SID
of fat and fatty acid compositions in oils was determined
using PROC CORR of SAS. Prediction equations for
SID of fat in different oil sources were developed using
PROC REG of SAS. Multivariate regression models were
determined using stepwise selection with a significance
stay level of 0.10. The adjusted coefficient of determina-
tion (Rzadj), the Mallows statistic, root mean square error
(RMSE), Akaike’s information criterion (AIC), and Bayes-
ian information criterion (BIC) were used as the selection
criterion for the best fit equations. The equations with
the greatest Rzadj and the least RMSE, AIC and BIC were
proposed to indicate the best fit. Differences were consid-
ered significant if P<0.05.

Results

Fecal and ileal digesta samples were obtained from
most pigs during the collection period. However, one
pig experienced loose stools during the third and fourth
collection periods respectively, likely due to the higher
fat content than that of their commonly-used diet and
fecal and ileal digesta samples from these pigs were not
included in the analysis.

Fatty acid composition of different oil sources

The fatty acid composition of different oil sources var-
ied greatly (Table 1). Coconut oil, the most saturated fat
source used here, rich in C12:0 which accounts for 46% of
total fatty acids. Palm oil was rich in saturated fatty acids
(SFA, 46% of total fatty acids), particularly in C16:0 (40%
of total fatty acids). The C18:1 was the main fatty acid for
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Table 3 Basal endogenous losses of fat and fatty acids at the
end of the ileum and over the entire intestinal tract, g/kg DMI'

Basal lleum Total tract SEM P value

endogenous

losses

EE2 3.148 8318 0.564 <0001

AEE? 9.30" 11.26" 0.808 0.063

SFA
C12:0 0.02 0.02 <0.001 0.750
C14.0 0.02 017 0.031 <0.001
C15:0 0.03 038 0.019 <0.001
c16.0 0.70 1.08 0.104 0.011
C17:0 0.02 0.21 0.010 <0.001
180 0.22 0.90 0.110 <0.001
C20.0 0.01 0.05 <0.001 <0.001
C21:0 0.01 0.01 0.006 0419
220 0.04 0.06 0.001 <0.001
230 0.02 0.03 <0.001 0.010
C24:0 0.07 0.09 <0.001 0.010

UFA
c18:1 0.25 0.13 0.031 <0.001
c18:2 041 0.12 0.037 <0.001
c183 0.04 0.01 0.001 <0.001
C20:1 0.02 0.02 0.010 0.102
C24:1 0.02 0.02 <0.001 0.406

SFA 1.15 302 0.252 <0.001

UFA 091 034 0.101 <0.001

DM Dry matter intake, EE Ether extract, AEE Acid-hydrolyzed ether extract, SFA
Saturated fatty acid, UFA Unsaturated fatty acid

AB | east squares means within a column with different superscripts differ
(P<0.01)

' The estimated values for basal endogenous losses of fatty acids less than
0.01 g/kg DMI were not presented

2 Values for endogenous loss of EE and AEE were compared
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peanut oil, canola oil and rice oil (38%—46% of total fatty
acids). The C18:2 was the main fatty acid for sunflower
oil, corn oil, soybean oil and cottonseed oil (53%-61% of
total fatty acids). The C18:3 was the main fatty acid for
flaxseed oil (49% of total fatty acids).

Basal endogenous losses of fat and fatty acids

The basal endogenous loss of acid-hydrolyzed fat at the
end of the ileum and over the entire intestinal tract were
not different (Table 3). The estimated basal endogenous
losses of ether extract, C14:0, C15:0, C16:0, C17:0, C18:0,
C20:0 and SFA over the entire intestinal tract were much
greater (P<0.05) than those at the end of the ileum,
whereas C18:1, C18:2, C18:3 and unsaturated fatty acids
(UFA) were just the opposite (P<0.05). The endogenous
loss of ether extract was lower than that of AEE (P<0.01).

lleal digestibility of fat and fatty acids

The C16:0, C18:0, C18:1 and C18:2 were the major com-
ponents of fatty acids in dietary oil sources. Therefore,
the differences in the digestibility of these four fatty acids
across oil sources were compared. Differences in digesti-
bility of other fatty acids were not compared, because the
calculated digestibility of these fatty acids varied greatly
when diets contained low concentrations of fatty acids.
There was a significant difference in the AID of fat and
fatty acids across the dietary oil sources except for C18:1
and C18:2 (Table 4; P<0.05). The AID of AEE for canola
oil was greater than that of palm oil (P<0.05), and the fat
digestibility of other 9 oils were not significantly differ-
ent. The AID of SFA for coconut oil was greater than that
of palm oil and soybean oil (P<0.01). The average AID of
fat across the 10 dietary fat sources was 84.66% (79.65%
to 86.97%).

Table 4 Apparent ileal digestibility of fat and fatty acids in different oil sources, %

Item EE AEE Fatty acid

C16:0 C18:0 c18:1 C18:2 SFA UFA
Sunflower seed oil 94.03? 85.74%0 86.68%° 90.46° 96.92 9838 859320 98.45°
Peanut oil 93.86° 84.06%° 86.86%° 80.52%¢ 98.62 97.58 79.5226¢ 98.18%
Corn oil 93.90° 85.76% 89.92° 89.30° 97.16 98.12 85.50% 97.96%¢
Canola ol 95.54° 86.97° 86.18%° 89.71° 98.87 97.41 84.18% 98.16%°
Rice oil 92.80°° 84.93% 88.97%° 88.47° 97.35 97.84 85.43% 97.03%¢
Soybean oil 94,532 84,8720 83.26%¢ 67.940¢ 97.57 94.95 77.89°¢ 96.63%¢
Palm oil 89.80° 79.65° 70.98° 61.81° 95.44 94.64 69.78° 94,935
Cottonseed oil 9343% 8432 75685 73.12%¢ 9365 95.82 80.222¢ 94.62°
Flaxseed oil 93.70° 85.42% 88.30%° 87.64%° 96.87 96.21 86.49%° 97.16%¢
Coconut oil 92.96%° 84.83% 78.49%°¢ 75.95%¢ 9327 94.48 91.10° 94.51¢
SEM 0.728 1.282 2.690 3.972 2407 0.834 2,539 0.662
Pvalue <0.001 0.034 <0.001 <0.001 0.102 0.071 <0001 <0001

EE Ether extract, AEE Acid-hydrolyzed ether extract, SFA Saturated fatty acid, UFA Unsaturated fatty acids

ab< | east squares means within a column with different superscripts differ (P <0.05)
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Table 5 Standardized ileal digestibility of fat and fatty acids in different oil sources, %'
Item EE AEE Fatty acid

C16:0 c18:0 c18:1 C18:2 SFA UFA
Sunflower seed oil 97.36° 96.87° 96.31% 96.23° 98.62 99.58 96.86° 100.10
Peanut oil 97.26° 9540 08.94° 93.33° 99.37 101.28 93397 99.97
Corn ol 97.49° 97.68° 97.48° 98.69° 98.93 99.49 97.85° 99.49
Canola oil 99.05° 99.18° 97.84° 98.01° 99.84 101.86 98.77° 99.80
Rice oll 97.11° 97.82° 97.66° 97.29° 99.56 101.50 96.70° 100.46
Soybean oil 97.57° 96.78%° 98.00° 93.12° 99.94 100.11 95.46° 100.36
Palm oil 93.25P 91.14° 76.00 74.62° 97.54 102.71 76.79° 99.55
Cottonseed oil 96.97° 95.96%° 83.90° 97.87° 99.25 98.28 92.20° 98.22
Flaxseed oil 97.81° 98.17° 97.41% 93.26° 98.74 102.11 97.39° 100.60
Coconut oil 96.85° 95.75% 92.26™ 92.75° 97.51 100.69 95.47° 100.61
SEM 0.708 1.162 2.941 3.130 0.873 0.655 2.649 0.633
P value <0.001 0.005 <0.001 <0.001 0.134 0.071 <0.001 0.187

EE Ether extract, AEE Acid-hydrolyzed ether extract, SFA Saturated fatty acid, UFA Unsaturated fatty acids

abc | east squares means within a column with different superscripts differ (P < 0.05)

' Standardized ileal digestibility of fat and fatty acids were calculated by correcting the apparent ileal digestibility values with the basal endogenous losses. Basal
endogenous losses (g/kg DMI) averaged 3.14 EE, 9.30 AEE, 0.70 C16:0, 0.22 C18:0, 0.25 C18:1,0.41 C18:2, 1.15 SFA, 0.91 UFA

There was a significant difference in the SID of fat,
C16:0, C18:0 and SFA across the dietary oil sources
(Table 5; P<0.01). The SID of AEE for palm oil was lower
than that of sunflower oil, corn oil, canola oil, rice oil and
flaxseed oil (P<0.01). The AID of SFA for palm oil was
lower than that of other oils (P<0.01). The average in SID
of fat across the 10 dietary fat sources was 96.5% (91.14%
to 99.18%). Although the AID of EE was greater than that
of AEE (P<0.01), there was no significant difference in
SID of EE and AEE except for palm oil (Table 6).

Correlation analysis and prediction equations for SID of fat
Correlation coefficients between fatty acid composition
and the SID of fat of the 10 oil sources were shown in

Table 7. The ratio of unsaturated to saturated fatty acids
(U/S) had a positive correlation with SID of fat (P<0.05),
whereas C16:0 and long chain saturated fatty acids
(LSFA) were significant negatively correlated with SID of
fat (P<0.01). The stepwise regression equations and best
prediction equation for SID of fat in different oil sources
were presented in Table 8. The LSFA was the first predic-
tor and C18:0 was the second predictor. Considering the
accuracy of estimating the SID of fat, the equation that
contained LSFA, C16:0 and C18:1 was more practical
with the greatest R2adj (0.88) and the lowest RMSE (0.75),
AIC (—2.81) and BIC (—19.69). The best-fit equation to
predict SID of fat was SID AEE=102.75—0.15 x LSFA —
0.74 x C18:0— 0.03 x C18:1 (R%,;;=0.88, P<0.01).

Table 6 Effect of fat extraction methods on the apparent or standardized ileal digestibility of fat

Item AID SEM P value SID SEM Pvalue
EE AEE EE AEE
Sunflower seed oil 94.03 85.74 0.646 <0.001 97.36 96.87 0.65 0472
Peanut ol 93.86 84.06 0.742 <0.001 96.46 95.40 0.74 0.120
Corn oil 93.90 85.76 1.402 <0.001 97.49 97.68 143 0.807
Canola oil 95.54 86.97 1.610 <0.001 99.05 99.18 044 0.719
Rice oil 92.80 84.93 1367 <0.001 97.11 97.82 045 0.157
Soybean oil 9453 84.87 0.922 <0.001 97.57 96.78 1.03 0.302
Palm oil 89.80 79.65 0.698 <0.001 93.25 91.14 0.70 0.023
Cottonseed oil 9343 84.32 0478 <0.001 96.97 95.96 043 0.110
Flaxseed oil 93.70 8542 0.830 <0.001 97.81 98.17 0.74 0.639
Coconut oil 92.96 84.83 1444 <0.001 96.85 95.75 1.15 0.367

EE Ether extract, AEE Acid-hydrolyzed ether extract, AID Apparent ileal digestibility, SID Standardized ileal digestibility
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Table 7 Correlation coefficients between fatty acid composition and standardized ileal digestibility (SID) of fat in different oil sources

Item C16:0 C18:0 C18:1n9c  C18:2n6c  MCFA  LSFA LUFA  SFA MUFA PUFA UFA U/S
SID of EE —088" —050 —0.14 0.26 —004 —086" 044 —044 003 0.44 044 070
SIDof AEE ~ —0827 —060 —0.09 027 —0.12 —086" 0.50 —050 006 049 0.50 072"

EE Ether extract, AEE Acid-hydrolyzed ether extract, MCFA Medium-chain fatty acids (6—12 carbons), LSFA Long-chain saturated fatty acids (13—21 carbons), LUFA
Long-chain unsaturated fatty acids (13—21 carbons), SFA Saturated fatty acids, MUFA Monounsaturated fatty acids, PUFA Polyunsaturated fatty acids, UFA Unsaturated

fatty acids, U/S The ratio of unsaturated to saturated fatty acids
" Means P<0.05
™ Means P<0.01

Table 8 Prediction equations of standardized ileal digestibility of fat in different oil sources?

Item Equations® Statistics®

R? R4 C(p) RMSE AIC BIC Pvalue
No.1 SID AEE=99.58 —0.15 x LSFA 073 0.70 123.09 1.21 563 224 0.002
No.2 SID AEE=101.33—0.14 x LSFA — 0.74 x C18:0 085 0.80 7041 098 213 —257 0.001
No.3 SIDAEE=102.75—0.15x LSFA—0.74x C180—0  0.92 088 37.76 0.78 —214 —7.25 <0.001

03 xC18:1

2 The unit of fatty acid content in the equation was g/kg

b AEE Acid-hydrolyzed ether extract, SID Standard terminal ileal digestibility, LSFA Long-chain saturated fatty acid (13 — 21 carbons)

¢ Rzadj Adjusted coefficient of determination, C(p) the Mallows statistic, RMSE Root mean square error, AIC Akaike’s information criterion, BIC Bayesian information

criterion

Discussion

The objective of this experiment was mainly to determine
the effect of fatty acid composition on the digestibil-
ity of dietary oil sources. In order to avoid other factors
influencing the determined digestibility value, dietary oil
sources used in the present study were all of good qual-
ity. The fatty acid composition of oils used in the present
experiment were similar to those shown by NRC [13].

Basal ELF and ELFA at the end of the ileum and over
the entire intestinal tract were similar to our previous
results [11]. Even when experimental conditions, such as
fat-free diet composition, sample collection, and analyti-
cal procedures, were strictly controlled, small differences
in basal ELF and ELFA can be observed between the two
experiments. Therefore, we recommended that basal ELF
and ELFA can be estimated routinely in studies aimed
at evaluating SID of fat and fatty acids. In addition, the
basal endogenous losses over the entire intestinal tract
were also measured in the present experiment to verify
the accuracy of the results of the fat-free diet method.
Because it is more accurate to measure digestibility val-
ues of fat and fatty acids at the end of the ileum [11], the
endogenous losses over the entire intestinal tract need
not be determined in future studies.

The ELFA differences between the terminal ileum
and the entire intestinal tract were consistent with pre-
vious results [11, 20, 21]. In the present experiment,
the amount of endogenous fat loss should be constant.

However, due to differences in fat extraction methods,
endogenous loss of acid-hydrolyzed fat at the end of the
ileum was not different from that over the entire intesti-
nal tract, while the endogenous loss of ether extract was
greater for the entire intestinal tract than at the end of
the ileum. The reason for this observation may be that
the contents of combined fat in the ileal samples were
greater than those in the fecal. Samples were analyzed
using a solvent extraction procedure without acid hydrol-
ysis cannot completely extract fat and fatty acids, espe-
cially if they were linked to proteins or carbohydrates,
or were present as salts of divalent cations (such as Ca-
fatty acid soap) [22]. Fat and fatty acids that cannot be
completely extracted by crude fat extraction method are
defined as combined fat. Compared to the acid hydroly-
sis process, direct extraction was believed to result in
incomplete extraction of combined fat [23]. Therefore,
the underestimated fat contents were greater in the ileal
samples than in the fecal samples, resulting in less endog-
enous loss of ether extract in the terminal ileum than for
the entire intestinal tract. This result was consistent with
that reported by Chen et al. [21]. In addition, some stud-
ies reported that the endogenous loss of acid-hydrolyzed
fat over the entire intestinal tract were greater than that
at the end of the ileum [14, 24]. However, no difference
in endogenous loss of acid-hydrolyzed fat was observed
between the two collection sites, most likely because
the beet pulp used in the present experiment was rich
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in soluble dietary fiber [11]. Soluble dietary fiber may
increase the synthesis of endogenous fat by microbes in
the ileum of pigs.

The AID of fat was greater for canola oil compared
with palm oil. This was due to the greater content of
UFA for canola oil whereas the greater content of SFA
for palm oil. Unsaturated fatty acids are considered less
hydrophobic and more soluble when exposed to bile
salts compared with SFA [25]. This chemical property
may increase incorporation of UFA into the micelles
with greater efficiency than SFA and facilitate their sub-
sequent absorption [1, 25]. The average value for SID
of UFA (99.92%) was greater than that of SFA (94.09%),
which further confirms that UFA is more digestible than
SFA. Although coconut oil had the highest content of
SFA (89.90%, of total fatty acids), the SID of fat for coco-
nut oil was close to that of cottonseed oil. This is due to
the fact that coconut oil is rich in medium chain fatty
acids (MCFA), which are hydrolyzed faster than LCFA
[26, 27]. Medium chain fatty acids can theoretically be
passively absorbed through the gastrointestinal mucosa
without the formation of mixed micellar [28]. Therefore,
the digestibility of MCFA was greater than that of LCFA
[29]. Previous studies had also shown that the digestibil-
ity of fat was relatively high when pigs fed diet containing
coconut oil compared to diet containing corn oil [30] or
palm oil [31] in piglets. Except for palm oil, there were
no differences in AID of fat among the other 9 oils in the
present experiment. This result agrees with the observa-
tion from Jorgensen et al. [32]. Previous study reported
that the AID of C18:0 in pigs fed diets containing fish oil,
canola oil and coconut oil was 36.3%, 11.3% and —16.9%,
respectively [32]. However, in the present experiment,
the AID of C18:0 in different oil sources was more than
60%. This difference may be a result of different content
and characteristic of fat in basal diet (Intact fat; 3.90%
versus 0.29%) in the previous experiment compared with
the present experiment. Intact fat is encased with cell
membranes or fibrous compounds and thus it is more
resistant to enzymatic digestion than extracted fat [14,
33, 34]. Therefore, the ATTD of C18:0 in extracted oil
were greater than in their corresponding intact oil [35].

It is important to specify the procedures used for fat
analyses [36]. However, no studies have compared the
differences in calculated values for endogenous loss and
digestibility of EE and AEE. The results of this experi-
ment indicated that greater ELF and lower AID of fat
were observed using the acid hydrolysis procedure
compared to the direct solvent extraction procedure.
The acid hydrolysis procedure was thought to result in
a more complete extraction of fat [22]. Therefore, the
solvent extraction method without acid hydrolysis can
result in lower analyzed values for fat in all samples. In
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addition, because the contents of combined fat in the
ileal or fecal samples were greater than those in diets,
the underestimated fat contents in the ileal or fecal
samples were greater than in diet samples [14]. These
differences explained why the endogenous loss of EE
was less than that of AEE and the AID of EE was greater
than that of AEE in the present experiment. However,
the fat extraction method had no effect on the SID of
fat except for palm oil. Collectively, when calculating
the SID of fat, the EE content of the samples can be
analyzed using the direct extraction method, whereas
the acid hydrolysis procedure should be used to deter-
mine the AID of fat.

There were fewer reports on the SID of fat and fatty
acid for different oil sources due to the limitation of basal
ELF and ELFA measurement. The SID of fat and fatty
acids for soybean oil in the present experiment were
slightly greater than the SID values reported by Wang
et al. [11]. Variation in SID of fat across experiments may
be due to differences in body weight, dietary fat intake,
diet processing and diet composition. The results of
this experiment showed that the SID of fat across all oil
sources were more than 90%, which indicates that the
dietary fat is an extremely digestible energy feed with
high absorption efficiency in the digestive tract of ani-
mals [1, 32, 37]. Previous research regarded the fat-free
diet method as the proper approach to determining the
standardized digestibility of fat and fatty acids in plant
oils [11, 38]. The present experiment was the first one to
comprehensively determine the SID of fat and fatty acids
from ten oil sources using the fat-free diet method. These
findings are of great significance for the determination of
fatty acid requirements and effective utilization of oil in
commercial practice. In addition, the method for deter-
mining the SID of fat and fatty acids was clarified. There-
fore, it is suggested that basal ileal endogenous losses of
fat and fatty acids should be measured in digestibility
experiments and SID values should be calculated.

The C16:0 and LSFA were negatively correlated with
SID of fat. As previously explained, fatty acids with
shorter chain lengths and (or) higher degree of unsatu-
ration are digested and absorbed faster and more
completely [39, 40], leading to greater digestibility coef-
ficients. In addition, LSFA are more easily to complex
with free Ca ions and form Ca-fatty acid soaps compared
with unsaturated fatty acids within the gastrointestinal
tract [41, 42]. The formation of highly insoluble Ca-fatty
acid soap results in decreased fat absorption in the gas-
trointestinal tract of growing pigs [43]. Although U/S was
positively correlated with SID of fat, U/S was not a good
predictor. This may be because coconut oil had the lowest
U/S, but its digestibility was not the lowest, even greater
than palm oil and peanut oil.
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Developing prediction equations for SID of fat is essen-
tial to rapidly and precisely determine the digestibility of
dietary oil sources. Previous studies have successfully
established prediction equations for energy values of die-
tary oil sources in pigs [8—10]. The present study was the
first one to establish prediction equations for SID of fat
based on the measured fatty acid composition in dietary
oil sources fed to growing pigs. The content of LSFA and
C18:0 of oils was the first and second predictors, which
is closely associated with correlation analysis. The best-fit
equation that included LSFA, C18:0 and C18:1 showed the
greatest Rzadj and the lowest RMSE, AIC and BIC, which
indicated that the fatty acid composition could be used to
predict the SID of fat in dietary oil sources fed to grow-
ing pigs. Notably, the prediction equations are likely accu-
rate for the oil samples from which they were generated,
but may not be accurate for estimating the SID of fat when
applied to additional oil samples. Therefore, more SID data
of oil sources should be determined in future studies to
verify the precise and accuracy of the prediction equations.

Conclusions

When calculating the SID of fat, the EE content of the
samples can be analyzed using the direct extraction
method, whereas the acid hydrolysis procedure should be
used to determine the AID of fat. There were differences
in the fatty acid composition as well as the AID and SID
of fat and SFA across the 10 oil sources. Fat digestibility
of dietary oils was related to their fatty acid composition
and especially to their contents of C16:0, LSFA and U/S.
The best-fit equation to predict SID of fat was SID AEE
=102.75—-0.15 x LSFA — 0.74 x C18:0 — 0.03 x C18:1
(R%,4;=0.88, P<0.01).
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