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ABSTRACT High oleic (HO) soybeans may serve as
a value-added feed ingredient; providing amino acids
and estimating their dietary energy value for broilers is
essential. In this study, we determined the apparent
metabolizable energy (AME), AME corrected for zero
nitrogen retention (AMEn), digestibility, and nitrogen
(N) retention of HO full-fat (HO-FF) soybean as com-
pared to solvent-extracted soybean meal (SE-SBM),
normal oleic full-fat (NO-FF) and extruded expeller
(NO-EE) soybean. A total of 240 Ross-708 male
broilers were selected, with 8 replicates per treatment
and 6 chicks per cage. The AME and AMEn were esti-
mated using the difference method with a 30% inclu-
sion of test ingredients using a corn-soy reference diet
with partial and total excreta collection. The index
method with partial excreta collection used titanium
dioxide as an inert marker. The same starter diet was
provided for all birds for 14 d, followed by the reference
and assay diets for the next 6 adaptation days. Total
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excreta were collected twice a day for 3 d. The AME
and AMEn values determined for the HO-FF and NO-
FF were higher (P < 0.001) than the NO-EE and SE-
SBM. The AME of SE-SBM and NO-EE were similar
with both methods, but the AMEn of SE-SBM was
lower than the NO-EE only with the partial collection
method. The agreement between AME and AMEn val-
ues determined by partial and total excreta collection
analysis was 98%. Data from the total excreta collec-
tion method yielded higher AME and AMEn values (P
< 0.001) than those from the partial collection method.
In summary, HO-FF and NO-FF soybean meals had
similar AME and AMEn values. The HO-FF soybean
had 39 and 24% higher AME and AMEn than SE-
SBM. Hence, high oleic full-fat soybean meal could
serve as a valuable alternative feed ingredient to con-
ventional SE-SBM meals in broiler diets, providing
additional energy while providing amino acids and
more oleic acid to enrich poultry meat products.
Key words: apparent metabolizable energy, apparent metabolizable energy corrected by nitrogen, high oleic
soybean, full-fat soybean meal, broiler
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INTRODUCTION

Soybean meal (SBM) is frequently used in poultry
diets due to its high protein content, ideal amino acid
(AA) profile, and digestibility (Ravindran et al., 2014).
However, soybean products also contribute 20 to 30% of
ME in poultry diets. The ME values of SBMs vary
according to processing techniques (Pacheco et al., 2013;
Rueda-Agudelo and Giraldo-Mejía, 2018; Mateos et al.,
2019; Thanabalan et al., 2021; Abdollahi et al., 2022),
varieties or genotypes (Parsons et al., 2000; Valencia
et al., 2009; Loeffler et al., 2013), and geographical ori-
gins (de Coca-Sinova et al., 2008; Silva et al., 2022).
Recently, soybean cultivars with varying high oleic
(HO) fatty acid profiles (high oleic, low linolenic acid)
have been developed to enhance the shelf-life and unsat-
urated fatty acid profile of soybeans and enrich meat
products with oleic acid (Slaughter et al., 2019; Knowl-
ton, 2022). The standardized ileal AA digestibility of
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HO full-fat (HO-FF) soybeans was recently evaluated
(Ali et al., 2023). This experiment indicated that the
AA content and digestibility of HO-FF and full-fat soy-
bean (FFSB) from soybeans of standard, typical, or
normal oleic acid content (NO-FF) are similar. Both
FFSB sources had lower AA digestibility than solvent-
extracted soybean meal (SE-SBM) and normal oleic
extruded expeller (NO-EE) soybean.

However, no data on the ME values of HO-FF are
available. Since dietary energy plays a role in feed con-
sumption, affects broiler growth, feed utilization effi-
ciency, and carcass traits, and can affect feed formulation
costs, the accurate estimation of energy available in a
particular feed ingredient is critical (Mateos et al., 2019;
Wu et al., 2020; Abdollahi et al., 2021).

In broilers, energy utilization can be expressed as the
apparent metabolizable energy (AME), among other
methods (Veluri and Olukosi, 2020; Abdollahi et al.,
2021). Metabolizable energy (ME) is defined as the dif-
ference between the gross dietary energy (GE) of the
consumed feed and the GE expelled in the excreta (feces,
urine, and gases), which is not corrected for endogenous
loses and is consequently defined as AME (Hill and
Anderson, 1958; Abdollahi et al., 2021; Khalil et al.,
2021). The ME value of an ingredient can be affected by
species (Olukosi et al., 2017), broiler genetics, age,
growth rate (Adeola et al., 2018; Bertechini et al., 2019;
Khalil et al., 2021), and feed intake (Sibbald, 1975,
1976; Mateos et al., 2019). Some of the variability
observed in soybean products in studies published in the
past 10 yr is summarized in Table 1.

In addition, the AME calculation does not account for
the heat generated by various nutrients, which can cause
variability in calculated values depending on the feedstuff
composition and environmental conditions of the
Table 1. Summary of metabolizable energy (AME and AMEn) for sou

References by soy product

Broiler chickens
Inclusion of
ingredient,Genetics Age, d

Solvent-extracted soybean meal
Mateos et al., 20193 Broilers
Bertechini et al., 2019 Ross 308 25−28 30
Veluri and Olukosi, 2020 Ross 308 20−21 30
Olukosi, 2021 Cobb 500 20−21 15−45
Jiang et al., 2022* Arbor Acres 25−27 42.55−48.
Silva et al., 2022 Cobb 500 19−24 40
Average

Extruded-expeller soybean meal
West, 2018 Cobb 500 30

Extruded full-fat soybeans
Ravindran et al., 2014 Ross 308 26−29 30
Rueda-Agudelo and Giraldo-Mejía, 2018 Ross 308 15−19 30
Mateos et al., 20194 Broilers
Thanabalan et al., 2021* Ross 708 17−20 55
Abdollahi et al., 2022 Ross 308 19−23 30
Average

1All studies used the difference or substitution method using corn-soybean b
2All energy values are expressed on a dry matter basis.
3Review of publications from 2014 to 2017 for solvent-extracted soybean me

extract 1.8% (0.2).
4Review of publications from 2014 to 2017 for full-fat with average crude pro
experiment (Barzegar et al., 2020). Once determined, the
AME is often corrected to zero nitrogen (N) retention,
and the resultant estimate is referred to as the N-cor-
rected AME (AMEn) (Beckman et al., 2024). The
assumption for zero N retention is that protein oxidation
retained as body tissue in fast-growing broilers will yield
uric acid with a GE per gram of N. However, the N cor-
rection penalizes the energy value of all feed ingredients,
especially those providing more protein, so it is important
to report both values (Mateos et al., 2019; Wu et al.,
2020; Abdollahi et al., 2021). The optimum value to use
in feed formulation is debated (Abdollahi et al., 2021).
There are 3 methods to determine AME: direct, differ-

ence or substitution, and regression (Wu et al., 2020;
Abdollahi et al., 2021). The direct method is mainly used
to determine the AME of cereal grains and only 1 ingredi-
ent is used in the test diet. This has issues with poorly pal-
atable ingredients and potential nutrient imbalance when
fed for several days. The substitution method is frequently
used for protein sources with a basal reference diet and
assay diets where the test ingredient replaces a portion of
the basal diet. This method allows the evaluation of multi-
ple ingredients under similar conditions (Wu et al., 2020).
The regression method requires several inclusion levels of
the test ingredient, and consequently, more treatments,
limiting the evaluation of multiple ingredients under simi-
lar conditions. Within each method, the excreta collection
can be total or partial (Abdollahi et al., 2021). The partial
excreta collection uses an indigestiblemarker to estimate a
digestibility coefficient based on a ratio of marker presence
in the diet and excreta. Total collection takes more time
and errors in recording excreta or feed intake can affect
accuracy. The results of the partial collection analysis are
influenced by the accuracy of laboratory analyses to
recover the indigestiblemarker (Roza et al., 2018).
rces of soybean meals fed to broilers.1

test
%

Excreta
collection

AME2 AMEn2

Range Mean SD Range Mean SD

2,455 - 2,750 2,621 89
Total 2,701− 2,843 2792 82 2,633 - 2,680 2,658 76
Partial 2813 2,380
Partial 2,201−2,887 2562 285 1,874 - 2,610 2,259 312

78 Total 2,742−3,204 2894 153 2,697 - 3,158 2,848 154
Total 3,076−3,163 3120 2,522 - 2,679 2,601

2,765 173 2,553 158

Total 2,907 281 2,622 253

Total 3,467−4,133 3,849 243 3,220 - 3,799 3,572 216
Total 3,886 3,517

3,557 - 4,136 3,830 175
Partial 4,048−4,055 4,052 135 3,904 - 3,906 3,905 138
Total 3,296−3,714 3,550 137 3,057 - 3,415 3,282 118

3,834 172 3,621 162

asal diets except those marked with * that used nitrogen-free diets.

al with average (SD) crude protein 47.1% (0.2), NDF 9.9% (2.2), and ether

tein 36.2%, NDF 12.2%, and ether extract 19.0%.
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Thus, the objective of this experiment was to evaluate
the AME and AMEn of HO-FF soybeans and to com-
pare them with other soybean sources, including SE-
SBM, NO-FF, and NO-EE soybeans. These data will
allow more accurate inclusion of HO-FF soybeans in
feed formulation for broilers.
MATERIALS AND METHODS

All procedures involving the broilers were approved
by the North Carolina State University Institutional
Animal Care and Use Committee (Approved Protocol #
21-145).
Table 2. Nutrient composition of soybean meal sources used in
broiler experimental diets1.

Nutrients2 SE-SBM NO-EE NO-FF HO-FF

Protein, crude, % 47.15 43.80 38.31 38.18
Fat, crude, % 2.57 8.99 18.21 18.21
Fiber, crude, % 3.77 5.27 6.10 6.10
Ash, % 6.83 6.41 5.52 5.52
Calcium, % 0.34 0.20 0.28 0.28
Phosphorus. total, % 0.63 0.57 0.48 0.48
P available, % (calculated) 0.23 0.19 0.16 0.16
Total amino acids3

Lysine, % 2.83 2.66 2.34 2.40
TSAA, % 0.64 1.21 1.06 1.13
Threonine, % 1.81 1.68 1.49 1.49
Valine, % 2.22 2.07 1.82 1.82
Leucine, % 3.52 3.33 2.86 2.80
Tryptophan, % 1.29 0.59 0.51 0.50
Trypsin inhibitor, mg/g2 0.95 7.46 11.02 11.02

Digestible amino acids4

Lysine, % 2.57 2.36 2.03 2.09
Methionine, % 0.56 0.51 0.44 0.44
TSAA, % 1.12 1.00 0.84 0.89
Threonine, % 1.52 1.41 1.24 1.24
Tryptophan, % 0.57 0.52 0.43 0.41
Isoleucine, % 1.93 1.82 1.51 1.49
Leucine, % 3.20 2.97 2.50 2.45
Valine, % 1.97 1.80 1.55 1.55
Arginine, % 3.20 2.91 2.48 2.58

Fatty acid profile
Palmitic acid C16:0, % 0.67 0.80 1.93 1.20
Stearic acid C18:0, % 0.17 0.26 0.61 0.48
Oleic acid C18:1, % 0.68 1.40 3.12 11.13
Linoleic acid C18:2, % 2.65 3.79 9.55 1.71
Linolenic acid C18:3, % 0.41 0.59 1.45 0.02
1Abbreviations: NO-EE SB, normal oleic extruded expeller soybean;

NO-FF, normal oleic and HO-FF, high oleic full-fat soybean meal; TSAA,
total sulfur amino acids.

2The proximate analysis, trypsin inhibitor, mineral, and fatty acid
analyses were conducted by an AOAC-certified lab, ATC Scientific (Little
Rock, AR), n = 3.

3Total amino acid content was determined by near-infrared spectros-
copy (NIRS) using the AMINONIR soybean package (Evonik Animal
Nutrition, Hanau-Wolfgang, Germany) for all soybean products (Wiltaf-
sky et al., 2019), n = 15.

4Digestible amino acids determined based on digestibility coefficients
estimated by AMINODAT 5.0 (Evonik Animal Nutrition, Hanau-Wolf-
gang, Germany).
Preparation of Experimental Diets

Near isogenic lines of conventional normal oleic soy-
bean (<25% oleic acid, >7% linolenic—USDA NC-Roy)
and a nongenetically modified HO soybean (>75% oleic
acid, <2% linolenic-USDA N16-1286 BC4 NIL) cultivars
were bred and harvested by the U.S. Department of
Agriculture, Agriculture Research Service, Soybean and
Nitrogen Fixation Research Unit, ARS (SNFRU,
Raleigh, NC). Foreign materials were removed from the
soybeans by using the Eclipse 324 seed and grain cleaner
(Seedburo, Equipment Company, Des Plaines, IL).

All extruded products were processed under similar
conditions. Extrusion was done in a commercial feed mill,
Mule City Feeds (Benson, NC), by a single screw dry
extrusion (InstaPro 2000 R, Iowa) to produce FFSB. The
whole soybeans were extruded at a die temperature of
155°C (highest temperature) for 20 s. To produce the
extruded expeller soybean, after extrusion, the soybean
was mechanically pressed in the expelling process (expel-
ler model, Model 2000, InstaPro). Particle size was uni-
formized by roller-mill (Model C128889, RMS, Sea, SD)
to obtain a geometric mean of 915 to 950 mm to match
the particle size observed in the SE-SBM. The 50:50
roller gap setting was used for HO-FF and NO-FF, while
the 50:25 roller gap was used for NO-EE soybeans.

A total of 4 soybean meals with differing fat content
(FFSB vs. SE-SBM) and fatty acid profiles (HO vs. NO)
were included in the basal diet to produce the following
experimental diets: SE-SBM, NO-EE, NO-FF, and HO-
FF soybeans. Three samples of all soybean meal sources
were analyzed for proximate composition, fatty acid pro-
file, and trypsin inhibitor activity by wet chemistry at a
commercial laboratory (ATC Scientific, Little Rock,
AR). Additionally, near-infrared spectroscopy (NIRS)
was used to estimate proximate composition, total AA
content, and trypsin inhibitors. The AMINONIR soy-
bean package (Evonik Animal Nutrition, Hanau-Wolf-
gang, Germany) was used for all soybean products
(Wiltafsky et al., 2019). These calibration curves have
been evaluated globally in the feed industry and recently
by Hack et al. (2023). Fifteen replicate samples of each
soybean meal were scanned for NIRS values, and the
average value was used for feed formulation. The digest-
ible AAs were determined based on digestibility
coefficients estimated by AMINODAT 5.0 (Evonik Ani-
mal Nutrition, Hanau-Wolfgang, Germany).
The FFSB had higher trypsin inhibitor activity (TIA)

than the NO-EE and SE-SBM due to differences in the
processing methods (Table 2). However, when adding
them to test diets, the TIA only reached 3.52 mg/g
(Table 4). This TIA is below the 4 mg/g recommended
as the maximum level for broilers (Clarke and Wiseman,
2007). Consequently, this factor should not play in the
present evaluation. The nutrient composition of the SBM
sources evaluated is shown in Table 2. A starter diet
(1−14 d) was formulated (Concept 5.0 software, Creative
Formulation Concepts, LLC., Annapolis, MD) to meet or
exceed nutrient requirements for broilers (Ross-708), and
its composition is presented in Table 3. The formulation
for starter feed was based on digestible AA, including all
4 sources of SBM evaluated in the grower phase. Corn
was ground to 700 to 800 mm, and this diet was pelleted
at 85°C and crumbled.
A basal or reference grower diet (Table 3) was formu-

lated using corn and SE-SBM (Table 4). The basal diet



Table 3. Ingredient, calculated and analyzed nutrient composi-
tion of broiler starter diet (1−14 d).

Ingredient % Diet Nutrients* Content

Corn 50.94 M.E. Poultry, kcal/kg 3,000
Solvent extracted SBM 19.07 Protein, crude, % 22.83
Extruded expeller SB 7.00 Protein, crude, % 5 Analyzed 22.54
NO Full-fat SB 7.00 Fat, crude, % 7.33
HO Full-fat SB 6.54 Fat, crude, % 5 Analyzed 6.59
DDGS 3.75 Fiber, crude, % 2.93

Fiber, crude, % 5 Analyzed 3.14
Poultry fat 1.33 Calcium, % 0.94
Limestone fine 1.38 Phosphorus total, % 0.56
Dicalcium phosphate 1.09 Ash, % 5.56
DL-Methionine 0.37 Ash, % 5 Analyzed 5.12
Sodium bicarbonate 0.27 Phosphorus available, % 0.34
L-Lysine 0.27 Lysine, % 1.41
Salt, plain (NaCl) 0.28 TSAA, % 1.05
Mineral premix1 0.20 Threonine, % 1.00
Choline chloride 60 0.18 Valine, % 1.05
L-Threonine 0.16 Leucine, % 1.90
Vitamin premix2 0.10 Tryptophan, % 0.27
Coccidiostat3 0.05 Trypsin inhibitor, mg/g 2.20
Phytase4 0.02 Dig. Lysine, % 1.28
Total 100.00 Dig. Methionine, % 0.66

Dig. Cystine, % 0.29
Dig. TSAA, % 0.95
Dig. Threonine, % 0.86
Dig. Tryptophan, % 0.23
Dig. Isoleucine, % 0.86
Dig. Leucine, % 1.82
Dig. Valine, % 0.95
Dig. Histidine, % 0.50
Dig. Arginine, % 1.37
Dig. Phenylalanine, % 1.04
Palmitic acid C16:0, % 0.40
Palmitoleic acid C16, % 0.01
Stearic acid C18:0, % 0.12
Oleic acid C18:1, % 1.17
Linoleic acid C18:2, % 1.55
Linolenic acid C18:3, % 0.25

1Trace minerals provided per kg of premix: manganese (MnSO4), 60 g;
zinc (ZnSO4), 60 g; iron (FeSO4), 40 g; copper (CuSO4), 5 g; iodine (Ca
(IO3)2), 1.25 g.

2Vitamins provided per kg of premix: vitamin A, 13,227,513 IU; vita-
min D3, 3,968,253 IU; vitamin E, 66,137 IU; vitamin B12, 39.6 mg; ribofla-
vin, 13,227 mg; niacin, 110,229 mg; d-pantothenic acid, 22,045 mg;
menadione, 3,968 mg; folic acid, 2,204 mg; vitamin B6, 7,936 mg; thia-
mine, 3,968 mg; biotin, 253.5 mg.

3Coban 90 (Monensin), Elanco Animal Health, Greenfield, IN, at
500 g/ton.

4Quantum Blue (1,000 FTU/kg, 100 g/ton FTU).
5The proximate analyses of the diet was performed in 3 samples by an

AOAC-certified lab, ATC Scientific (Little Rock, AR).
*Calculated values were based on NIRS analyses of feed ingredients or

table values.

Table 4. Ingredient and nutrient composition of broiler grower
experimental diets (15−23 d).

Diet
Basal
diet SE-SBM NO-EE NO-FF HO-FF

Ingredient (%)
Corn 62.05
Soybean oil 2.29
Limestone fine 1.06
Dicalcium phosphate 0.98
Titanium dioxide 0.50
DL-Methionine 0.31
Salt, plain (NaCl) 0.30
Sodium bicarbonate 0.25
Mineral premix1 0.20
L-Lysine 0.20
Choline chloride 0.18
L-Threonine 0.10
Vitamin premix2 0.10
Coban 0.05
Phytase3 0.02
Soybean meal solvent

extracted
31.43 30

Soybean meal extruded
expeller

30

Soybean meal full fat-normal
oleic

30

Soybean meal full fat-high
oleic

30

Basal diet 70 70 70 70
Total 100.00 100.00 100.00 100.00 100.00

Calculated nutrient
composition
M.E. poultry

(kcal/kg)
3,000 2,820 2,920 3,098 3,098

Dry matter, % 88.55 88.82 90.11 90.29 90.29
Protein, crude, % 20.39 28.41 27.41 25.76 25.72
Fat, crude, % 5.91 4.91 6.84 9.6 9.6
Fiber, crude, % 2.14 2.63 3.08 3.33 3.33
Calcium, % 0.87 0.71 0.67 0.69 0.69
Phos. Available, % 0.44 0.37 0.36 0.35 0.35
Sodium, % 0.2 0.15 0.15 0.16 0.16
Potassium, % 0.91 1.27 1.15 1.15 1.15
Chloride, % 0.27 0.2 0.2 0.2 0.2
Trypsin inhibitor

activity, mg/g
0.31 0.5 2.45 3.52 3.52

Dig. Lysine, % 1.09 1.53 1.47 1.37 1.39
Dig. Methionine, % 0.58 0.57 0.55 0.53 0.53
Dig. Cysteine, % 0.27 0.35 0.33 0.31 0.32
Dig. Total sulfur

amino acids, %
0.84 0.92 0.89 0.84 0.86

Dig. Threonine, % 0.73 0.97 0.93 0.88 0.88
Dig. Tryptophan, % 0.21 0.32 0.31 0.28 0.27
Dig. Isoleucine, % 0.78 1.12 1.09 1 0.99
Dig. Leucine, % 1.59 2.08 2.01 1.87 1.85
Dig. Valine, % 0.84 1.18 1.13 1.05 1.05
Dig. Arginine, % 1.24 1.83 1.74 1.61 1.64
Dietary electrolyte

balance, mEq/kg
259 333 305 305 305

Fatty acids
Stearic acid C18:0, % 0.05 0.06 0.09 0.19 0.15
Oleic acid C18:1, % 0.22 0.26 0.48 1.00 3.40
Linoleic acid C18:2, % 0.85 0.94 1.29 3.01 0.66
Linolenic acid C18:3, % 0.13 0.14 0.20 0.46 0.17
1Trace minerals provided per kg of premix: manganese (MnSO4), 60 g;

zinc (ZnSO4), 60 g; iron (FeSO4), 40 g; copper (CuSO4), 5 g; iodine (Ca
(IO3)2), 1.25 g.

2Vitamins provided per kg of premix: vitamin A, 13,227,513 IU; vita-
min D3, 3,968,253 IU; vitamin E, 66,137 IU; vitamin B12, 39.6 mg; ribofla-
vin, 13,227 mg; niacin, 110,229 mg; d-pantothenic acid, 22,045 mg;

4 ALI ET AL.
was formulated to meet or exceed Ross-708 broiler rec-
ommendations (Aviagen, 2019). Phytate in soybeans
can restrict mineral bioavailability, so a phytase enzyme
was added to the experimental diets targeting
1,000 FTU/kg. Titanium dioxide was added at 5 g/kg
as an inert marker in each diet. The test or assay diets
contained 70% basal diet and 30% of the 4 sources of
SBM evaluated. The calculated nutrient composition for
these diets is shown in Table 4 as a reference.
menadione, 3,968 mg; folic acid, 2,204 mg; vitamin B6, 7,936 mg; thia-
mine, 3,968 mg; biotin, 253.5 mg.

3Quantum Blue (1,000 FTU/kg, 100 g/ton FTU).
*The proximate composition was performed by an AOAC-certified lab,
ATC Scientific (Little Rock, AR). Since the agreement between analyzed
and calculated values was greater than 93%, only calculated values are
shown. Analyzed values of protein were used for digestibility and AMEn
calculations.
Chicken Husbandry

A total of 240 Ross-708 d-old broiler chicks were used
in this experiment. Chickens were feather-sexed,



AME OF HIGH OLEIC FULL-FAT SOYBEANMEAL 5
weighed, tagged, and randomly assigned to Alternative
Design battery cages. Brooder battery cages
(88 £ 32 £ 24 cm3) were electrically heated, and the
room temperature was maintained at 32°C to 28°C, 28°
C to 24°C, and 24°C to 21°C during the first, second,
and third week, respectively, using a temperature step-
down program to maintain bird comfort. A 23 h light
and 1 h darkness cycle was used the first week, and 16 h
light and 8 h darkness for the following 2 wk. Mortality
was recorded daily.

Each treatment group had 8 replicate cages with 6
chickens per cage. All chicks were fed a starter diet
(Table 3) for the first 14 d of acclimation. Subsequently,
the basal and assay diets (Table 4) were fed from 15 to
23 d. After 6 d of adaptation, excreta samples were col-
lected. Feed and water were provided ad libitum for the
entire experimental period. Broiler BWs were recorded
at 1, 14, 19, and 23 d.
Sample Collection

After a fasting period of 5 h, excreta samples were col-
lected for 72 h, twice daily. Feathers and feed particles
were removed immediately during collection. Excreta
samples per cage were weighed and homogenized before
storing them, freezing at �20°C in sterilized and labeled
plastic bags.
Chemical Analysis

Feed and excreta samples were ground to pass
through a 0.5 mm screen using a coffee grinder and
analyzed for dry matter (DM), CP, N, GE, and tita-
nium dioxide. The DM of feed and excreta samples
was obtained by drying in a forced draft oven using
NFTA Method 2.1.4, AOAC Official Method 935.29 &
945.15 (1990). Ground feed and excreta samples were
analyzed for N by Fisons NA2000 Carbon Nitrogen
Analyzer using AOAC 968.06 (1969) methods and for
GE using a calorimetric bomb (Parr Model 6200).
Titanium dioxide concentration was measured in trip-
licate in feed and excreta samples using an ultraviolet
spectrophotometer following methods described by
Myers et al. (2004).
Calculations

The AMEn values were determined for every dietary
treatment as per the following equation (Kong and
Adeola, 2014):

AMEn
kcal
kg

� �
¼ GEi� GEo� Ni

No

� �� �
� 8:22

� Ni � No�Ni=No½ �f g
where GEi and GEo are GE values (kcal/kg) in diet and
excreta; Ni and No are N values (g/kg DM) in diet
(intake) and excreta (output). An N correction factor of
8,220 kcal/kg (8.22) of retained N was used to calculate
MEn. This is based on estimating the energy needed
when 1 kg of tissue N is catabolized (Hill and Anderson,
1958).
Statistical Analysis

Data were analyzed using JMP Pro 15 software (SAS
Institute, Inc., Cary, NC). The cage served as the experi-
mental unit. Before statistical analyses, the distribution
platform of JMP was used to verify normality. Any out-
liers, determined as 3 times the root mean square error
(RMSE) plus or minus the mean of the response, were
removed from the statistical analysis. Data were ana-
lyzed in a completely randomized design using ANOVA,
while mean separation was done using Tukey’s test at
the significance level of P < 0.05.
The agreement between results obtained with the par-

tial and total excreta collection was evaluated by t test,
correlation coefficient, and Bland-Altman plot method-
ologies described by van Stralen et al. (2012). In the
Bland-Altman plot method, the differences between the
results obtained by the 2 methods (partial and total
excreta collection) are plotted against the average of the
results of both methods. This is because the “truth” ME
value is unknown in this case. The limits of agreement
are estimated with 2 standard deviations of the mean of
the differences between both methods to estimate a con-
fidence interval of 95%. Agreement between the 2 meth-
ods is accepted when all values are within the confidence
interval (van Stralen et al., 2012). Additionally, dividing
the AME and AMEn values obtained with the partial
excreta collection by the respective values obtained with
the total excreta collection is possible to obtain a per-
centage of agreement.
RESULTS

As expected, there were no significant effects (P >
0.05) among groups of chickens with the assigned treat-
ments in BW, BWG, FI, or FCR during the first 14 d
(Table 5). The reference and assay diets were fed from
15 to 23 d of age. In this period, the BWG of chickens
fed the NO-EE test diet was lower than the observed in
chickens fed the reference basal diet or the HO-FF test
diet, and all other chickens fed test diets had intermedi-
ate BWG. The FI during the test period (15−23 d) was
higher (P < 0.001) in chickens fed the reference basal
diet than those fed NO-EE and both FFSB assay diets,
and the FI of chickens fed the SE-SBM was intermedi-
ate. Chickens fed the FFSB assay diets had significantly
better FCR values (P < 0.001) than broilers fed the
basal and SE-SBM diets, and chickens fed the NO-EE
assay diet had intermediate FCR. During this period (15
−23 d), the best FCR was observed in chickens fed the
HO-FF assay diet.
There were no significant (P > 0.05) treatment effects

in BW or BWG at the end of the whole experimental
period (Table 5). Chickens fed the reference basal diet
had higher total FI (P < 0.01) than broilers fed the NO-



Table 5. Live performance of Ross 708 male broilers fed soybean meals with varying fat and fatty acid profiles housed in battery cages.

Performance Basal diet SE-SBM NO-EE

FFSB

SEM CV% P valueNO HO

0−14 d
BW, g 481 489 475 473 480 7.27 4.29 0.582
BWG, g 438 446 440 430 437 6.41 4.08 0.523
Feed intake, g 501 511 499 488 511 7.69 4.22 0.242
FCR (g:g) 1.163 1.161 1.158 1.155 1.170 0.01 2.21 0.820

15−23 d
BWG, g 532a 503ab 490b 507ab 526a 10.56 5.76 0.045
Feed intake, g 763a 718ab 676b 681b 696b 12.13 4.78 <0.001
FCR (g:g) 1.429a 1.429a 1.385ab 1.345bc 1.312c 0.02 3.30 <0.001

0−23 d
BW, g 1,016 992 965 969 1,014 18.28 5.22 0.163
BWG, g 973 949 936 925 971 17.56 5.15 0.246
Feed intake, g 1,264a 1,236ab 1,155c 1,177bc 1,206abc 19.02 4.54 0.002
FCR (g:g) 1.300a 1.303a 1.279ab 1.245b 1.255b 0.01 2.18 <0.001
a−cMeans in a row not sharing a common superscript are significantly different (P < 0.05) by Student t or Tukey’s test.
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FF and NO-EE assay diets. Chickens fed the FFSB
assay diets had better FCR (P < 0.001) than those fed
the basal and SE-SBM assay diets, while chickens fed
the NO-EE assay diet had intermediate FCR during the
whole experiment.
AME and AMEn Determination

The AME and AMEn (kcal/kg) values were deter-
mined using partial and total excreta collection. The
results of basal reference and assay diets are displayed in
Table 6. On average, the AME and AMEn determined
with partial excreta collection had 8.50% and 7.80%
lower values (P < 0.001) than the total collection
method. The correlation between both methods was
0.80. The Bland-Altman plot method (van Stralen et al.,
2012) indicated an average difference between both
methods of 305.08 § 19.97 and 261 § 20.58 kcal/kg for
AME and AMEn, respectively. The standard deviations
of the average differences between both methods were
121.46 and 125.16 kcal/kg. All AME and AMEn values
obtained with both methods were within the 95% confi-
dence interval, indicating good agreement between
methods of analyses. The average percentage of agree-
ment was 98% when dividing the energy value results
Table 6. Nutrient digestibility of experimental broiler diets calculated

Soybean type

Partial collection

AME AMEn CADDM CP digest
−−−− kcal/kg −−−− −−−−%

Basal energy diet (BD) 3,065b 2,949ab 65.32a 61.41
BD + SE SBM 2,947b 2,719c 59.32b 49.12
BD + NO-EE 3,045b 2,841b 60.45b 53.83
BD + NO-FF 3,228a 3,048a 61.31b 53.88
BD + HO-FF 3,222a 3,034a 62.23ab 55.21
SEM 31 31 0.83 1.03
CV% 4.76 4.99 6.62 9.18
Source of variation ——————————————
Soybean meal source <0.001 <0.001 <0.001 <0.00

Abbreviations: AME, apparent metabolizable energy; AMEn, apparent me
digestibility of dry matter; CP, crude protein.

a−dMeans in a column not sharing a common superscript are significantly dif
determined with the partial excreta collection by results
determined with the total excreta collection.
The AME and AMEn values of the HO-FF and NO-

FF assay diets were higher (P < 0.001) than the NO-EE
and SE-SBM assay diets and the reference diet. The
basal reference diet had similar AME and AMEn values
to those observed in NO-EE diets, but SE-SBM had
lower AMEn with both methods.
For the first method (partial collection), the apparent

digestibility of DM (CADDM) and CP digestibility
(%) were determined, and DM digestibility and N reten-
tion were calculated with the total collection method
(Table 6). The highest CADDM values were found in
the basal and HO-FF diets (P < 0.001) relative to the
other treatment groups. The highest CP digestibility
and N retention were observed in the reference diet and
the lowest in the SE-SBM treatment groups (P < 0.001),
with intermediate CP digestibility and N retention val-
ues in the other treatment groups.
The AME and AMEn calculated for each SBM source

with both methods in DM and standardized for 88% DM
are presented in Table 7. The 88% DM is considered the
most common value for feed formulation. Similar results
were observed with both methods of excreta collection,
and the agreement between both methods was 97.6% for
by partial and total collection methods.

Total collection

ibility AME AMEn Digestibility Nitrogen retention
−−−− −−−− kcal/kg −−−− −−−−% −−−−
a 3,367b 3,158b 72.01a 69.90a
c 3,212c 2,995c 65.67c 56.65d
b 3,296bc 3,059c 65.81c 61.58c
b 3,551a 3,316a 68.67b 64.72b
b 3,533a 3,297a 68.95b 64.43bc

23 21 0.64 0.82
2.14 2.07 3.00 4.15

—— P values————————————————
1 <0.001 <0.001 <0.001 <0.001

tabolizable energy corrected by nitrogen; CADDM, coefficient of apparent

ferent (P < 0.001) by Tukey’s test.



Table 7. Nutrient digestibility of the test ingredients was calculated by partial and total collection methods on a dry matter (DM) basis
and standardized to 88% DM.

Partial collection Total collection

DM Standardized to 88% DM DM Standardized to 88% DM

AME AMEn AME AMEn AME AMEn AME AMEn
Dietary treatment ———————————————-kcal/kg———————————————-

SE-SBM 2,770b 2,575c 2,438b 2,266c 2,853c 2,614c 2,511c 2,300c

NO-EE 3,090b 2,831b 2,719b 2,491b 3,129bc 2,835c 2,754bc 2,495c

NO-FF 3,763a 3,526a 3,311a 3,103a 3,899a 3,637a 3,431a 3,201a

HO-FF 3,847a 3,572a 3,385a 3,143a 3,922a 3,650a 3,451a 3,212a

Abbreviations: AME, apparent metabolizable energy; AMEn, apparent metabolizable energy corrected by nitrogen; DM, dry matter.
a−cMeans in a column not sharing a common superscript are significantly different (P < 0.001) by Tukey’s test.
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AME and 98.3% for AMEn. The difference in kcal/kg
between both methods was only 39 and 4 for AME and
AMEn for the NO-EE and higher (136 and 111 kcal/kg)
for NO-FF. On average, the difference was 83 and
58 kcal/kg for AME and AMEn. Both full-fat feed ingre-
dients (NO-FF and HO-FF) had similar energy values
and higher AME and AMEn values (P < 0.001) than
SE-SBM and NO-EE.
DISCUSSION

The AME and AMEn values determined in the pres-
ent experiment for all 3 types of soybean sources (SE-
SBM, NO-EE, and FFSB) are within 1 standard devia-
tion above the mean observed in the literature (Table 1).
In this experiment, the methodologies and age of the
chickens were similar to those reported in the recent lit-
erature, summarized in Table 1. The substitution
method was selected, and no correction was made to the
dilution of titanium dioxide, minerals, vitamins, and
other nutrients. Wu et al. (2020) theoretically discussed
that this dilution could cause adverse effects on chicken
performance and nutrient utilization. However, in the
few studies listed in Table 1 that reported live perfor-
mance or in the present experiment (Table 5), that nega-
tive effect has not been observed. In the present
experiment, the BW of chickens fed test diets was simi-
lar to those fed the balanced basal reference diet. Chick-
ens fed the test diets had FI similar to or lower than and
FCR similar or better than those fed the reference diet
(Table 5). No chicken live performance parameter indi-
cated that these chickens had a nutrient deficiency
affecting their growth, FI, or nutrient utilization. These
results challenge the significance of the effects discussed
by Wu et al. (2020), who recommended correcting min-
erals and vitamins in the test diets. However, in the sub-
station method, all other nutrients will be unbalanced
when a test ingredient is included (Table 4). The doubt
remains about the effect of titanium oxide dilution on
the AME determination, which was an additional reason
to use partial and total excreta collection.

Efforts have been made to improve the precision of
estimating energy values for poultry feed ingredients
(Mateos et al., 2019; Wu et al., 2020). Despite recent
developments in other energy systems for poultry, the
AME and AMEn are still the most extensively used for
describing feed ingredients’ available energy to use in
feed formulation (Lopez and Leeson, 2008; Abdollahi
et al., 2021). However, there is significant variability in
the values published for each ingredient and even similar
samples. The variability in estimating these ME values
may be influenced by different factors. These factors
include the methodology selected (Farrell et al., 1991;
West, 2018; Olukosi, 2021), excreta collection method
and inert marker used (Roza et al., 2018), age of the
chickens (Lessire et al., 1982; Sibbald, 1982; Bertechini
et al., 2019), the composition of reference diet (Veluri
and Olukosi, 2020), time of adaptation to assay diets,
and species and strain (Spratt and Leeson, 1987; Bour-
dillon et al., 1990).
Data from total and partial excreta collection gener-

ally deliver different values, and an agreement of more
than 96% is considered acceptable (Roza et al., 2018; L.
Adeola, personal communication, 2023). However, in a
study conducted by Dourado et al. (2010), no significant
difference was observed between the total and partial
collection methods for energy determination of SBM.
However, acid-insoluble ash was used as a digestibility
marker in that experiment. The current experiment
used titanium dioxide, and the total collection method
had higher AME and AMEn values. Titanium dioxide is
an approved feed additive by the US Food and Drug
Administration (Titgemeyer et al., 2001) and is used as
an inert marker in broiler diets for digestibility studies.
Titanium meets all requirements as an inert marker; it
has the same digestive transit speed as other dietary
nutrients, is physiologically inactive, indigestible, non-
toxic, easy to analyze, and homogenously mixed into the
diet (Jagger et al., 1992; Titgemeyer et al., 2001). Tita-
nium dioxide is preferred over the commonly used chro-
mium oxide due to better reproducibility and
homogeneity (Jagger et al., 1992). However, it has been
proven in several experiments (Roza et al., 2018) that
the titanium dioxide recovery rate is lower (82−85%)
than acid-insoluble ash (95%). This could cause the val-
ues evaluated in all experiments using the partial
method to be slightly lower than with the total collec-
tion method. The total collection method could be more
accurate than the partial one.
In this experiment, 2 FFSB sources varying in fatty

acid composition, NO-FF and HO-FF soybean meals,
were processed under similar extrusion conditions. Even
for similar soybean processing methods, there is no
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complete standardization of conditions of temperature,
humidity, time, and pressure (Freitas et al., 2005). How-
ever, the AME and AMEn of these ingredients were sim-
ilar in both collection methods. In the present
experiment, 3,201 or 3,103 and 3,212 or 3,143 kcal/kg
AMEn were observed for NO-FF and HO-FF when
adjusted for 88% DM, which is very close (16−29 kcal/kg
from the average) to other values previously reported in
the literature for FFSB (Table 1). The lack of difference
between soybean sources with different oleic acid indi-
cates that the fatty acid profile does not impact the
energy utilization (AME and AMEn) values obtained
using these methodologies. The chicken live performance
results during the short experimental period match the
energy utilization values obtained.

There are very few recent studies evaluating EE-SB.
The main difficulty for comparison is the difference in
fat content among EE-SB products after the expeller
process. West (2018) evaluated an EE-SB with 6.95%
ether extract and 47.5% CP on a DM basis, while the
NO-EE tested in the current project contained 43.80%
CP and 8.99% ether extract. These 2.04% points of extra
fat content could partially explain the additional 222
and 213 kcal/kg observed in AME and AMEn in the
NO-EE evaluated in the present experiment. This result
was the most significant difference in energy values com-
pared to those observed in the literature.

For comparative purposes, ME values of ingredients
and diets are usually corrected for N retention to trans-
form all data to a base of N equilibrium. N retention
changes with the age of the bird, type of bird, and poten-
tially genetic strain; hence, a correction factor is essen-
tial to compare ME values for the same ingredient,
which can signify the metabolic use or excretion of N
compounds by the animal, through retention or excre-
tion as uric acid (Liu et al., 2017). In the current study,
a difference in AME and AMEn values of the different
test ingredients can be attributed to N retention, as the
CP level was different in the test diets (Table 4). The
correction for N to obtain AMEn reduced the average
energy value in these soy ingredients by 242 kcal/kg in
the partial collection method and 267 kcal/kg in the
total collection method. Abdollahi et al. (2021) have dis-
cussed in detail this issue of energy reduction when using
AMEn for high protein feedstuffs and its implications for
feed formulation and costs.

The maximum inclusion level of test ingredients is
generally based on nutrient balance and palatability.
Variability among ME values can occur due to a low
inclusion level of test ingredients (Mateos and Sell,
1980). Still, high inclusion levels of test ingredients can
also cause nutritional imbalances depending on the
nutritional composition of the ingredients (Sibbald and
Slinger, 1962). Variability in AME and AMEn due to
the inclusion level of soybean products has been reported
(West, 2018; Olukosi, 2021). However, the most com-
mon inclusion level recommended (Wu et al., 2020) for
AME determination is 30%, as used in this experiment.

Lopez and Leeson (2008) stated that the AMEn val-
ues of SE-SBM were 7 to 12% less than AME when
calculated using a corn-soybean diet. In the current
study, reductions of 6.72 to 9.15% and 7.20 to 10.37%
were observed from AME to AMEn values of test ingre-
dients on a DM basis using partial and total collection
methods, respectively. All these comparisons with the liter-
ature, between methods for all soybean sources, provide
confidence that the data obtained for a new ingredient
with no other reference to compare is accurate. To the best
of our knowledge, this is the first data related to the energy
utilization of HO-FF soybeans in broiler diets.
CONCLUSIONS

HO-FF soybean is a valuable feed ingredient that can be
an alternative source of amino acids to conventional defat-
ted soybean meals, such as EE-SB and SE-SBM. The
AME and AMEn values for HO-FF and NO-FF soybeans
in broilers were similar, but HO-FF soybean meal had 39%
and 24% higher AME and AMEn than SE-SBM and NO-
EE, respectively. The percentage agreement between the
AME and AMEn values determined with the partial and
the total excreta collection methods was near 98%. Using
HO soybean cultivars to produce full-fat soybean meals
could create a potential value-added feed ingredient for the
poultry and egg production industry. The HO-FF offers
high available dietary energy while enhancing the oleic
acid in poultry products, with potential economic benefits
for the soybean and poultry industries.
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