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Simple Summary: Recently, as the price of grains in feed increases worldwide, interest in new
raw materials that can replace protein and fat sources is increasing. This study evaluated the
effect of full-fat almonds (FFA) on broiler nutrition. In the study, the formulation of FFA as a raw
material showed higher growth performance than the basic feed. This seems to be due to the high
digestibility of protein and fat and the promotion of intestinal health through the reduction of
harmful microorganisms in the intestine. Therefore, FFA can be used as a high-quality protein and
fat substitute as a raw material for broiler feed.

Abstract: The purpose of this study was to evaluate the effect of full-fat almonds (FFA) as an
alternative protein and fat source for broiler feed on broiler productivity, nutrient digestibility, blood
characteristics, cecal-fecal microflora, and foot-pad dermatitis (FPD). A total of 96, one-day-old broiler
chickens (Arbor Acres) with initial body weight 41.61 ± 0.36 g were placed in 16 cages. In each trial,
four treatments were set up: a basal diet partially replacing animal fat with FFA 0% (Control, CON),
a basal diet partially replacing animal fat with FFA 1% (T1), a basal diet partial replacing animal
fat with FFA 2% (T2), a basal diet partially replacing animal fat with FFA 4% (T3). The experiment
was conducted for a total of 4 weeks. Feed conversion ratio (FCR) was higher (p < 0.05) in the T3
group of broilers at weeks 0 to 1 than in the CON group of broilers. From weeks 3 to 4, and for the
entire experimental period, FCR was lower (p < 0.05) in the T3 group of broilers than in the CON
and T1 groups of broilers. The apparent ileal digestibility (AID) of the ether extract (EE) was higher
(p < 0.05) in the T3 group than in the other treatment groups, and AID of crude protein (CP) was
higher (p < 0.05) in the T3 group than in the CON group. The apparent total tract digestibility (ATTD)
of EE was lower (p < 0.05) in the CON group than in the other treatment groups, and the ATTD of CP
and energy was higher (p < 0.05) in the T3 group of broilers than in the CON group of broilers. The
AID and ATTD of total amino acids were higher (p < 0.05) in the T3 group than in the other treatment
groups. Blood cholesterol levels were lower (p < 0.05) in the T3 group of broilers than in the CON
and T1 groups of broilers, and higher (p < 0.05) in the CON group of broilers than in the T2 and T3
groups of broilers. The amount of E. coli in the cecal and fecal was lower (p < 0.05) in the T3 group
than in CON and T1 groups. FPD score was higher (p < 0.05) in the T3 group of broilers than in the
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CON group of broilers. In conclusion, replacing a partial of animal fat with at least 4% FFA in broiler
diets can increase growth performance and nutrient digestibility in broiler nutrition.

Keywords: full-fat almond; fat alternative; growth performance; nutrient digestibility

1. Introduction

Poultry farming is one of the most accelerated and technological fields in global
agriculture [1]. Advances in genetics, nutrition, health, and management technology have
resulted in highly efficient and organized poultry farming that can produce low-cost, high-
biologically valuable animal protein for human consumption [2]. Poultry feeding is one of
the important sectors of the poultry industry as it accounts for 70–80% of the total farming
cost [3]. Changes in the price of raw materials used for feed production have a great impact
on the income of poultry farms. In the case of corn and soybean meal, which are raw
materials typically used for poultry formulations, international grain prices have been
continuously rising because of weather changes, and prices fluctuate frequently due to
external factors such as exchange rate fluctuations. For this reason, interest in raw materials
suitable for poultry feed with relatively low prices and small fluctuations is increasing.

Almonds (Prunus dulcis) are attracting attention as a raw material to replace these
unstable feed ingredients. The United States accounts for 80% of the world’s almond
production, and California is the main producer. Over the past decade, US almond pro-
duction has steadily increased from 640,000 t to 900,000 t per year [4]. Almonds contain
lipids (about 50%), proteins (about 20%), and carbohydrates (about 20%), have low water
content, and contain a variety of hydrophobic bioactive compounds [5]. Almonds have
a nutritionally desirable fatty acid profile, with oleic (65%) and linoleic (25%) acids ac-
counting for approximately 90% of the total almond lipids [6]. Moreover, the fiber and
polyphenol content of almonds serves as a substrate for intestinal microbial fermentation,
contributing to the regulation of the microflora composition [7,8]. At present, data on the
effect of full-fat almonds as a poultry feed ingredient are limited. Therefore, the purpose of
this study was to determine the effect of full-fat almonds as a feed ingredient on growth
performance, nutrient digestibility, blood profiles, cecal-fecal microflora composition, and
foot-pad dermatitis in broiler chickens.

2. Materials and Methods
2.1. Ethics

The experimental protocol was approved (CBNUA-1531-21-02) by the Institutional
Animal Care and Use Committee of Chungbuk National University, Cheongju, Korea.

2.2. Preparation and Analysis of Full-Fat Almonds

Full-fat almonds (FFA) are manufactured by Blue Diamond Growers Company, Cali-
fornia, USA and sourced from Easybio Company, Seoul, Korea. Four samples of FFA were
prepared and analyzed for dry matter (DM), crude protein (CP), ether extract (EE), crude
fiber (CF), ash, calcium (Ca), and phosphorus (P) according to AOAC [9]. The results are
shown in Table 1.

Table 1. Chemical composition on full-fat almond (%).

DM CP EE CF Ash Ca P

92.4 19.0 34.4 30.4 3.6 0.4 0.4
Abbreviations: DM, dry matter; CP, crude protein; EE, ether extract; CF, crude fiber; Ca, calcium; P, phosphorus.
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2.3. Animals and Housing

A total of 96, one-day-old broiler chickens (Arbor Acres, Arbor Acres broilers were
obtained from a local hatchery (Cherrybro CO., Asan, Korea)) with initial body weight
41.61 ± 0.36 g were placed in 16 cages (100 cm width, 40 cm depth, and 45 cm height). Each
cage (3 male and 3 female chicks/cage) was equipped with two nipple drinkers connected
to a common water line supply. The experiment was conducted for a total of 4 weeks,
lighting schedule was 23 L:1 D at 100 lx on day 1, 12 L:12 D at 30 lx on day 4 until week
2, and 8 L:16 D at 30 lx thereafter. The experiment initiation temperature was 33 ± 1 ◦C,
and the temperature was lowered by 2 ◦C every week to maintain 24 ◦C at the end of the
experiment.

2.4. Dietary Treatments

The 16 cages were randomly assigned to 4 dietary treatments with 4 replicates of
6 broiler chickens each: basal diet partial replacing animal fat with FFA 0% (Control, CON),
basal diet partial replacing animal fat with FFA 1% (T1), basal diet partial replacing animal
fat with FFA 2% (T2), basal diet partial replacing animal fat with FFA 4% (T3). The base
of the diet was formulated according to growth stage requirements (FFA 1% replaces 15%
of animal fat, Tables 2–5). All diets were formulated to meet or exceed NRC [10] nutrient
requirements for poultry. The birds had free access to the diet and water throughout the
experimental period.

Table 2. Ingredient composition of experimental diets (phase 1/day 1–7).

Ingredients (%)
Level of Sweet Almond (%)

0 (CON) 1 (T1) 2 (T2) 4 (T3)

Corn 37.2 37.0 37.0 36.1
Wheat fine 15.3 15.2 15.0 15.0

Rice pollards 2.4 2.4 2.4 2.4
Soybean oil meal 26.9 26.8 26.5 26.2

Cookie wheat flour 1.9 2.0 2.0 2.0
Almond, Toasted 0.0 1.0 2.0 4.0

DDGS 5.0 4.9 4.9 4.9
Tankage meat meal 2.8 2.8 2.7 2.5

Meat-bone meal 2.5 2.5 2.4 2.3
Poultry offal meal 1.0 1.0 1.0 1.0

Feather meal 0.0 0.0 0.0 0.0
Animal fat 1.7 1.5 1.2 0.7

L-lysine 0.6 0.6 0.6 0.6
L-methionine 0.4 0.4 0.4 0.4
L-threonine 0.2 0.2 0.2 0.2

L-tryptophan 0.1 0.1 0.1 0.1
Salt 0.2 0.2 0.2 0.2

Limestone 0.5 0.5 0.5 0.5
MDCP 0.2 0.2 0.2 0.2

Liquid-Choline 0.1 0.1 0.1 0.1
Vitamin premix a 0.3 0.3 0.3 0.3
Mineral premix b 0.3 0.3 0.3 0.3

Chemical composition (%)

Crude protein 23.3 23.2 23.2 23.2
Ether extract 5.5 5.5 5.5 5.6
Crude fiber 3.4 3.7 3.7 3.8
Crude ash 5.8 5.8 5.9 5.9
Calcium 0.9 0.9 0.9 0.9

Phosphorus 0.5 0.5 0.5 0.5
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Table 2. Cont.

Ingredients (%)
Level of Sweet Almond (%)

0 (CON) 1 (T1) 2 (T2) 4 (T3)

Lysine 1.5 1.5 1.5 1.5
SAA 1.1 1.1 1.1 1.1

AMEn(kcal/kg) 3000 3000 3000 3000
Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing
animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; DDGS, Dried
distiller’s grains with soluble; MCDP, Mono-dicalcium phosphate; SAA, sulfur amino acids; AMEn, nitrogen-
corrected apparent metabolizable energy. a Supplied per kilogram diet: vitamin A (retinyl acetate), 9000 IU;
vitamin D3, 3000 IU; vitamin E (DL-α-tocopheryl acetate), 48 mg; vitamin K, 3 mg; thiamin, 1.8 mg; riboflavin,
6 mg; pyridoxine, 3 mg; vitamin B12, 0.012 mg; niacin, 42 mg; folic acid, 1.2 mg; biotin, 0.24 mg; pantothenic acid,
12 mg. b Supplied per kilogram of diet: manganese, 120 mg; zinc, 100 mg; iron, 80 mg; copper, 20 mg; iodine,
2 mg; selenium, 0.3 mg; cobalt, 0.5 mg.

Table 3. Ingredient composition of experimental diets (phase 2/day 8–14).

Ingredients (%)
Level of Sweet Almond (%)

0 (CON) 1 (T1) 2 (T2) 4 (T3)

Corn 41.6 41.5 41.3 41.0
Wheat fine 15.1 15.1 15.0 15.0

Rice pollards 2.5 2.5 2.5 2.5
Soybean oil meal 21.0 20.5 20.8 20.8

Cookie wheat flour 2.0 2.0 2.0 1.0
Almond, Toasted 0.0 1.0 2.0 4.0

DDGS 7.0 7.0 7.0 6.9
Tankage meat meal 0.5 0.5 0.5 0.5

Meat-bone meal 3.0 3.0 2.0 2.3
Poultry offal meal 2.0 2.0 2.0 1.5

Feather meal 0.6 0.6 0.6 0.6
Animal fat 1.9 1.6 1.3 0.8

L-lysine 0.6 0.6 0.6 0.6
L-methionine 0.3 0.3 0.3 0.4
L-threonine 0.1 0.1 0.1 0.1

L-tryptophan 0.1 0.1 0.1 0.1
Salt 0.2 0.2 0.2 0.2

Limestone 0.6 0.5 0.5 0.5
MDCP 0.2 0.2 0.5 0.5

Liquid-Choline 0.1 0.1 0.1 0.1
Vitamin premix a 0.3 0.3 0.3 0.3
Mineral premix b 0.3 0.3 0.3 0.3

Chemical composition (%)

Crude protein 21.3 21.2 21.2 21.2
Ether extract 5.9 6.0 6.0 6.1
Crude fiber 3.4 3.6 3.6 4.0
Crude ash 5.3 5.4 5.3 5.4
Calcium 0.8 0.8 0.8 0.8

Phosphorus 0.6 0.6 0.6 0.6
Lysine 1.3 1.3 1.3 1.3
SAA 1.0 1.0 1.0 1.0

AMEn(kcal/kg) 3020 3020 3020 3020
Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing
animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; DDGS, Dried
distiller’s grains with soluble; MCDP, Mono-dicalcium phosphate; SAA, sulfur amino acids AMEn, nitrogen-
corrected apparent metabolizable energy. a Supplied per kilogram diet: vitamin A (retinyl acetate), 9000 IU;
vitamin D3, 3000 IU; vitamin E (DL-α-tocopheryl acetate), 48 mg; vitamin K, 3 mg; thiamin, 1.8 mg; riboflavin,
6 mg; pyridoxine, 3 mg; vitamin B12, 0.012 mg; niacin, 42 mg; folic acid, 1.2 mg; biotin, 0.24 mg; pantothenic acid,
12 mg. b Supplied per kilogram of diet: manganese, 120 mg; zinc, 100 mg; iron, 80 mg; copper, 20 mg; iodine,
2 mg; selenium, 0.3 mg; cobalt, 0.5 mg.
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Table 4. Ingredient composition of experimental diets (phase 3/day 15–21).

Ingredients (%)
Level of Sweet Almond (%)

0 (CON) 1 (T1) 2 (T2) 4 (T3)

Corn 45.2 45.1 45.1 44.8
Wheat fine 15.6 15.0 15.3 15.0

Rice pollards 2.5 2.4 2.5 2.4
Soybean oil meal 17.7 17.8 17.1 17.2

Cookie wheat flour 2.0 2.0 2.0 1.8
Almond, Toasted 0.0 1.0 2.0 4.0

DDGS 6.0 6.0 6.0 5.9
Tankage meat meal 1.5 1.4 0.9 1.0

Meat-bone meal 2.0 2.1 2.2 1.8
Poultry offal meal 2.0 2.0 2.0 1.8

Feather meal 0.9 0.9 0.9 0.8
Animal fat 1.9 1.6 1.3 0.8

L-lysine 0.6 0.6 0.6 0.3
L-methionine 0.3 0.3 0.3 0.4
L-threonine 0.1 0.1 0.1 0.1

L-tryptophan 0.1 0.1 0.1 0.1
Salt 0.2 0.2 0.2 0.2

Limestone 0.5 0.5 0.5 0.5
MDCP 0.2 0.2 0.2 0.4

Liquid-Choline 0.1 0.1 0.1 0.1
Vitamin premix a 0.3 0.3 0.3 0.3
Mineral premix b 0.3 0.3 0.3 0.3

Chemical composition (%)

Crude protein 20.2 20.1 20.1 20.1
Ether extract 6.0 6.1 6.1 6.2
Crude fiber 3.2 3.4 3.6 4.0
Crude ash 5.1 5.1 5.0 5.1
Calcium 0.8 0.8 0.8 0.8

Phosphorus 0.5 0.5 0.5 0.5
Lysine 1.2 1.2 1.2 1.2
SAA 1.0 1.0 1.0 1.0

AMEn(kcal/kg) 3070 3070 3070 3070
Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing
animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; DDGS, Dried
distiller’s grains with soluble; MCDP, Mono-dicalcium phosphate; SAA, sulfur amino acids; AMEn, nitrogen-
corrected apparent metabolizable energy. a Supplied per kilogram diet: vitamin A (retinyl acetate), 9000 IU;
vitamin D3, 3000 IU; vitamin E (DL-α-tocopheryl acetate), 48 mg; vitamin K, 3 mg; thiamin, 1.8 mg; riboflavin,
6 mg; pyridoxine, 3 mg; vitamin B12, 0.012 mg; niacin, 42 mg; folic acid, 1.2 mg; biotin, 0.24 mg; pantothenic acid,
12 mg. b Supplied per kilogram of diet: manganese, 120 mg; zinc, 100 mg; iron, 80 mg; copper, 20 mg; iodine,
2 mg; selenium, 0.3 mg; cobalt, 0.5 mg.

Table 5. Ingredient composition of experimental diets (phase 4/day 22–28).

Ingredients (%)
Level of Sweet Almond (%)

0 (CON) 1 (T1) 2 (T2) 4 (T3)

Corn 48.9 48.7 48.4 48.1
Wheat fine 15.2 15.1 15.2 15.0

Rice pollards 2.6 2.6 2.5 2.4
Soybean oil meal 15.5 15.2 15.3 15.0

Cookie wheat flour 2.0 2.0 2.0 1.8
Almond, Toasted 0.0 1.0 2.0 4.0

DDGS 5.0 5.0 5.0 4.9
Tankage meat meal 1.7 1.5 1.2 1.1

Meat-bone meal 1.5 1.6 1.5 1.1
Poultry offal meal 2.2 2.2 2.1 2.0

Feather meal 0.8 0.8 0.8 0.8
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Table 5. Cont.

Ingredients (%)
Level of Sweet Almond (%)

0 (CON) 1 (T1) 2 (T2) 4 (T3)

Animal fat 1.9 1.6 1.3 0.8
L-lysine 0.5 0.5 0.5 0.5

L-methionine 0.4 0.4 0.4 0.4
L-threonine 0.1 0.1 0.1 0.1

L-tryptophan 0.1 0.1 0.1 0.1
Salt 0.2 0.2 0.2 0.2

Limestone 0.5 0.5 0.5 0.5
MDCP 0.2 0.2 0.2 0.5

Liquid-Choline 0.1 0.1 0.1 0.1
Vitamin premix a 0.3 0.3 0.3 0.3
Mineral premix b 0.3 0.3 0.3 0.3

Chemical composition (%)

Crude protein 19.1 19.1 19.0 19.0
Ether extract 5.8 5.9 5.9 5.9
Crude fiber 3.0 3.3 3.5 3.8
Crude ash 4.8 4.8 4.8 5.0
Calcium 0.7 0.7 0.7 0.7

Phosphorus 0.5 0.5 0.5 0.5
Lysine 1.1 1.1 1.1 1.1
SAA 1.0 1.0 1.0 1.0

AMEn(kcal/kg) 3100 3100 3100 3100
Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing
animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; DDGS, Dried
distiller’s grains with soluble; MCDP, Mono-dicalcium phosphate; SAA, sulfur amino acids; AMEn, nitrogen-
corrected apparent metabolizable energy. a Supplied per kilogram diet: vitamin A (retinyl acetate), 9000 IU;
vitamin D3, 3000 IU; vitamin E (DL-α-tocopheryl acetate), 48 mg; vitamin K, 3 mg; thiamin, 1.8 mg; riboflavin,
6 mg; pyridoxine, 3 mg; vitamin B12, 0.012 mg; niacin, 42 mg; folic acid, 1.2 mg; biotin, 0.24 mg; pantothenic acid,
12 mg. b Supplied per kilogram of diet: manganese, 120 mg; zinc, 100 mg; iron, 80 mg; copper, 20 mg; iodine,
2 mg; selenium, 0.3 mg; cobalt, 0.5 mg.

2.5. Growth Performance

Body weight (BW), body weight gain (BWG), feed intake (FI), and feed conversion
ratio (FCR) were recorded on d 7, 14, 21 and 28. All birds within a pen were weighed
at each time point (6 birds were sampled in each cage, with 4 replicates per treatment).
The BW gain was calculated as the BW of the current time point subtracted the BW of the
previous time point. Feed intake was calculated by subtracting the remaining feed amount
from the initial feed amount, and FCR was calculated by dividing FI by BWG.

2.6. Nutrient Digestibility

Broiler chickens were euthanized by cervical dislocation. Determination of the appar-
ent digestibility of nutrients was performed by collecting both total and ileal digesta. All
experimental diets were mixed with 0.2% Cr2O3 before collecting digesta. The ileal digesta
was collected from Meckel’s diverticulum 1 cm before the ileal-cecal junction. The rectum
digesta was collected from rectum 3 cm before the cloaca to collect fecal without urine. The
digesta were gently squeezed, rinsed with saline, and collected in a plastic pillbox. All feed,
ileal sample, and rectum sample were finely ground after drying for 72 h at 50 ◦C oven
and analyzed for DM, CP, energy, amino acid (AA), and EE. The energy was determined
using a calorimeter (model 1261, Parr Instrument Company, Moline, IL, USA). Analyses
of DM, CP and EE were made according to the methodology described in AOAC [9] and
analysis of AA made in High Performance Liquid Chromatography (HPLC) (SHIMADZU,
Model LC-10AT, Shimadzu Corp., Kyoto, Japan) methodology [11,12]. The apparent total
tract digestibility (ATTD) and apparent ileal digestibility (AID) percentage were calculated
using the following equation: AID% = 100 − [100 × (% Cr2O3 in diet/% Cr2O3 in ileal
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digesta) × (% nutrient in ileal digesta/% nutrient in diet)], ATTD% = 100 − [100 × (Cr2O3
in diet/Cr2O3 in rectum digesta) × (nutrient in rectum digesta/nutrient in diet)].

2.7. Blood Profiles

On day 28, blood samples (2 mL) were collected from the wing vein of broiler chickens
(one broiler chicken randomly chosen from each cage), and serum was harvested and stored
in a deep freeze at −20 ◦C for further analysis. Concentrations of glucose, total protein,
blood urea nitrogen, creatinine, and total cholesterol were determined colorimetrically
using a UV-visual spectrophotometer (Microlab 200: Merck Laboratory Analyzer, New
Delhi, India) using commercial kits (Prism diagnostic Pvt. Ltd., Mumbai, India).

2.8. Cecal-Fecal Microflora Composition

On day 28, cecal samples were collected (one broiler chicken randomly chosen from
each cage) immediately in sterile glass containers after slaughter. Fecal samples were
collected for each treatment group before the end of the experiment, and then immediately
analyzed. After homogenization by suspending in aseptic distilled water, samples were
used for measuring the number of viable cells by serial dilution from 10−3 to 10−7. Bacterial
colonies were counted by the pour plate method. In order to measure the number of
Salmonella, Lactobacillus and E. coli, Salmonella-Shigella agar for Salmonella, MRS agar for
Lactobacillus, and MacConkey agar for E. coli were used, and Salmonella, E. coli was cultured
at 37 ◦C. for 24 h, and Lactobacillus was cultured for 48 h.

2.9. Foot-Pad Dermatitis (FPD)

The incidence and severity of FPD were measured on day 28 using the scoring method
described by Eichner [13]: no lesion (score 0), lesion covering less than 25% of the sole of
the foot (score 1), large area lesion, covering between 25% and 50% of the sole of the foot
(score 2), more than 50% of the lesion of the plantar (score 3). Scoring was performed by
three independent observers for all birds in the trial. Assessments were performed on both
paws. The average score was used for statistical analysis.

2.10. Statistical Analysis

Data collected during the study were subjected to analysis of variance (ANOVA) for
Completely Randomized Design [14] using General Linear Model Procedure (SAS, 2010).
The statistical model used to test the effects of treatment on growth performance, nutrient
digestibility, blood profiles, cecal-fecal microflora composition, FPD is presented as follows:
Yij = µ + Pi + Eij. Where: Yij = Observed value of a dependent variable; µ = Overall mean;
Pi = Effect of different levels of FFA; and Eij = Residual error. The differences between
means were tested for significance (p < 0.05) using the LSD range test.

3. Results
3.1. Growth Performance

The growth performance data are shown in Table 6. BW was higher (p < 0.05) in the T3
group of broilers at weeks 2 and weeks 4 than in the CON group of broilers. From weeks 1
to 2, weeks 3 to 4, and for the entire experimental period, BWG was higher (p < 0.05) in the
T3 group of broilers than in the CON group of broilers. From weeks 0 to 1, FI was higher
(p < 0.05) in the T3 group of broilers than in the CON group of broilers. From weeks 3 to 4,
FI was higher (p < 0.05) in the T1 group of broilers than in the T3 group of broilers. FCR
was higher (p < 0.05) in the T3 group of broilers at weeks 0 to 1 than in the CON group
of broilers. From weeks 3 to 4, and for the entire experimental period, FCR was lower
(p < 0.05) in the T3 group of broilers than in the CON and T1 groups of broilers.
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Table 6. Effects of full-fat almonds on growth performance in broiler chickens.

Items CON T1 T2 T3 SEM p-Value

BW (g)

Initial BW 42 42 42 42 0 1.000
1 W 168 174 173 170 2 0.685
2 W 394 b 416 ab 415 ab 424 a 4 0.016
3 W 970 982 989 988 9 0.898
4 W 1566 b 1623 ab 1623 ab 1684 a 15 0.039

BWG (g)

0–1 W 126 132 131 128 2 0.667
1–2 W 226 b 242 ab 242 ab 254 a 3 0.030
2–3 W 576 566 574 564 6 0.952
3–4 W 596 b 641 ab 634 ab 696 a 11 0.013
0–4 W 1524 b 1581 ab 1581 ab 1642 a 14 0.038

FI (g)

0–1 W 127 c 140 b 141 ab 147 a 2 0.001
1–2 W 313 308 310 325 5 0.694
2–3 W 867 870 858 873 9 0.956
3–4 W 1161 ab 1200 a 1100 ab 1084 b 17 0.035
0–4 W 2467 2518 2409 2429 21 0.300

FCR

0–1 W 1.008 b 1.061 ab 1.076 ab 1.148 a 0.019 0.049
1–2 W 1.385 1.273 1.281 1.280 0.018 0.300
2–3 W 1.505 1.537 1.495 1.548 0.013 0.396
3–4 W 1.948 a 1.872 a 1.735 ab 1.557 b 0.043 0.003
0–4 W 1.619 a 1.593 a 1.524 ab 1.479 b 0.014 0.003

Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing
animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; BW, body weight;
BWG, body weight gain; FI, feed intake; FCR, feed conversion ratio; SEM, standard error of means. Each value
is the mean value of 4 replicates (6 broiler/cage). a–c Means within column with different superscripts differ
significantly (p < 0.05).

3.2. Nutrient Digestibility

The AID data are shown in Table 7. The AID of the EE was higher (p < 0.05) in the
T3 group of broilers than in the other treatment groups of broilers. The AID of CP was
higher (p < 0.05) in the T3 group of broilers than in the CON group of broilers. The AID
of histidine and valine were higher (p < 0.05) in the T3 group of broilers than in the CON
and T1 groups of broilers. The AID of leucine was higher (p < 0.05) in the T3 group of
broilers than in the CON group of broilers. The AID of threonine was higher (p < 0.05)
in the CON group of broilers than in the T2 group of broilers. The AID of methionine
was higher (p < 0.05) in the CON and T3 groups of broilers than for the other treatment
groups of broilers. The AID of lysine and total essential AAs were higher (p < 0.05) in the
T3 group of broilers than in the other treatment groups of broilers. The AID of aspartic
acid was higher (p < 0.05) in the T3 group of broilers than in the T1 group of broilers. The
AID of serine was higher (p < 0.05) in the T3 group of broilers than in the other treatment
groups of broilers, and lowest (p < 0.05) in the T2 group of broilers. The AID of the total
non-essential AAs and total AAs was higher (p < 0.05) in the T3 group of broilers than in
the other treatment groups of broilers.
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Table 7. Effects of full-fat almonds on AID of nutrient and amino acids in 28 days broiler chickens.

Items (%) CON T1 T2 T3 SEM p-Value

Apparent ileal digestibility

Dry matter 71.60 71.80 69.70 70.13 0.42 0.217
Ether extract 77.37 b 77.61 b 77.96 b 80.69 a 0.43 0.004

Crude protein 67.92 b 70.56 ab 71.52 ab 73.71 a 0.66 0.004
Energy 67.23 68.35 68.63 70.44 0.49 0.096

Essential amino acids

Arginine 72.02 71.36 71.32 76.59 0.91 0.110
Histidine 60.60 b 62.63 b 67.18 ab 71.90 a 1.43 0.008
Isoleucine 61.16 b 62.93 b 73.50 a 73.70 a 1.78 0.001
Leucine 68.79 ab 68.21 b 71.57 ab 78.08 a 1.42 0.033
Lysine 72.58 b 71.58 b 73.52 b 81.19 a 1.15 0.001

Methionine 79.15 a 64.57 b 62.08 b 77.19 a 2.03 0.001
Phenylalanine 70.10 70.62 70.77 72.25 0.79 0.828

Threonine 67.61 a 64.61 ab 60.09 b 66.45 ab 1.01 0.022
Valine 63.07 b 66.87 b 69.52 ab 74.12 a 1.29 0.005

Tryptophan 57.30 67.22 66.13 67.01 1.86 0.176
Glycine 63.77 66.14 64.01 69.07 0.83 0.065

Total 69.05 b 67.90 b 69.80 b 75.17 a 0.88 0.003

Non-essential amino acids

Alanine 68.22 66.69 62.79 71.40 1.35 0.148
Aspartic acid 70.31 ab 65.98 b 70.33 ab 73.85 a 0.96 0.016

Cysteine 61.44 59.90 59.36 62.25 1.06 0.792
Glutamic acid 72.02 ab 69.93 b 68.65 b 74.95 a 0.74 0.002

Proline 62.12 61.89 61.80 67.57 0.89 0.035
Serine 70.07 b 67.14 bc 62.46 c 77.11 a 1.55 0.001

Tyrosine 63.08 64.32 62.26 67.04 1.09 0.472
Total 68.21 b 66.63 b 65.82 b 71.11 a 0.42 0.002

Total amino acids 68.58 b 67.18 b 67.60 b 69.21 a 0.78 0.002
Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing
animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; SEM, standard
error of means. Each value is the mean value of 4 replicates. a–c Means within column with different superscripts
differ significantly (p < 0.05).

The ATTD data are shown in Table 8. The ATTD of EE was lower (p < 0.05) in the
CON group of broilers than in the other treatment groups of broilers. The ATTD of CP
and energy was higher (p < 0.05) in the T3 group of broilers than in the CON group of
broilers. The ATTD of arginine, histidine, and isoleucine was higher (p < 0.05) in the T3
group of broilers than in the other treatment groups of broilers, and lowest (p < 0.05) in the
CON group of broilers. The ATTD of methionine was higher (p < 0.05) in the CON and T3
groups of broilers than in the other treatment groups of broilers. The ATTD of valine was
higher (p < 0.05) in the T3 group of broilers than in the CON and T1 groups of broilers. The
ATTD of lysine, glycine, and the total essential AAs was higher (p < 0.05) in the T3 group of
broilers than in the other treatment groups of broilers. The ATTD of alanine, proline, and
tyrosine was higher (p < 0.05) in the T3 group of broilers than in the CON and T2 groups
of broilers. The ATTD of serine was higher (p < 0.05) in the T1 and T3 groups of broilers
than in the other treatment groups of broilers. The ATTD of aspartic acid and glutamic
acid were higher (p < 0.05) in the T3 group of broilers than in the other treatment groups of
broilers. The ATTD of total non-essential AAs and total AAs was higher (p < 0.05) in the T3
group of broilers than in the other treatment groups of broilers.
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Table 8. Effects of full-fat almonds on ATTD of nutrient and amino acids in 28 days broiler chickens.

Items (%) CON T1 T2 T3 SEM p-Value

Apparent total tract digestibility

Dry matter 77.25 78.77 77.08 79.55 0.41 0.069
Ether extract 84.95 b 86.98 a 86.15 a 86.97 a 0.31 0.041

Crude protein 73.53 b 75.60 ab 75.92 ab 76.64 a 0.42 0.034
Energy 74.59 b 77.24 ab 77.08 ab 78.03 a 0.48 0.045

Essential amino acids

Arginine 80.47 c 82.81 bc 83.60 b 87.75 a 0.73 0.001
Histidine 66.53 c 69.73 bc 75.85 b 79.24 a 1.51 0.001
Isoleucine 71.92 c 76.84 bc 80.22 b 82.39 a 1.13 0.001
Leucine 83.46 83.19 82.06 85.50 0.49 0.080
Lysine 83.54 b 81.65 b 83.28 b 86.96 a 0.56 0.001

Methionine 84.48 a 76.31 b 72.32 b 84.61 a 1.44 0.001
Phenylalanine 77.20 78.65 77.43 79.49 0.53 0.418

Threonine 77.39 71.92 68.13 74.60 1.63 0.229
Valine 79.54 b 79.75 b 80.88 ab 83.64 a 0.59 0.029

Tryptophan 67.25 73.49 73.93 76.43 1.48 0.148
Glycine 71.71 b 70.66 b 71.38 b 75.99 a 0.67 0.005

Total 79.56 b 79.07 b 79.36 b 83.33 a 0.55 0.004

Non-essential amino acids

Alanine 78.64 b 79.96 ab 79.70 b 83.20 a 0.56 0.008
Aspartic acid 78.79 b 80.03 b 81.20 b 85.82 a 0.80 0.001

Cysteine 67.22 ab 64.86 ab 64.66 b 72.39 a 1.14 0.034
Glutamic acid 78.47 b 79.69 b 78.75 b 83.14 a 0.56 0.001

Proline 73.14 b 74.03 ab 72.01 b 77.43 a 0.64 0.004
Serine 83.02 b 83.82 a 79.82 b 84.94 a 0.61 0.005

Tyrosine 71.99 b 75.12 ab 72.12 b 79.93 a 1.11 0.017
Total 76.82 b 77.74 b 76.89 b 81.65 a 0.58 0.001

Total amino acids 78.60 b 79.01 b 79.36 b 84.48 a 0.69 0.001
Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing
animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; SEM, standard
error of means. Each value is the mean value of 4 replicates. a–c Means within column with different superscripts
differ significantly (p < 0.05).

3.3. Blood Profiles

The blood profile data are shown in Table 9. Blood cholesterol levels were lower
(p < 0.05) in the T3 group of broilers than in the CON and T1 groups of broilers, and higher
(p < 0.05) in the CON group of broilers than in the T2 and T3 groups of broilers.

Table 9. Effects of full-fat almonds on blood profiles in broiler chickens.

Items CON T1 T2 T3 SEM p-Value

Total Protein (g/dL) 3.60 3.52 3.46 3.49 0.03 0.252
Blood Urea Nitrogen (mg/dL) 1.59 1.75 1.50 1.50 0.09 0.765

Creatinine (mg/dL) 0.172 0.187 0.185 0.175 0.005 0.645
Cholesterol (mg/dL) 186 a 171 ab 154 bc 150 c 4 0.001

Glucose (mg/dL) 104 100 108 113 2 0.171
Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing
animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; SEM, standard
error of means. Each value is the mean value of 4 replicates. a–c Means within column with different superscripts
differ significantly (p < 0.05).

3.4. Cecal-Fecal Microflora Composition

The cecal-fecal microflora composition data are shown in Table 10. The amount of E.
coli in the cecal was lower (p < 0.05) in the T3 group of broilers than in the CON and T1
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groups of broilers, and higher (p < 0.05) in the CON group of broilers than in the T2 and T3
groups of broilers. The amount of E. coli in the fecal was lower (p < 0.05) in the T3 group of
broilers than in the other treatment groups of broilers.

Table 10. Effects of full-fat almonds on bacteria counts in the cecal-fecal in broiler chickens.

Items, log CFU/g CON T1 T2 T3 SEM p-Value

Cecal

Lactobacillus 8.401 8.427 8.395 8.388 0.011 0.696
E. coli 6.225 a 6.153 ab 6.069 bc 6.007 c 0.026 0.002

Salmonella 6.085 6.175 6.194 6.034 0.030 0.181

Fecal

Lactobacillus 7.969 7.973 7.893 7.744 0.044 0.222
E. coli 5.784 a 5.691 a 5.571 a 5.327 b 0.050 0.001

Salmonella 5.969 5.886 5.843 5.621 0.051 0.070
Abbreviations: CFU, colony-forming unit; CON, basal diet; T1, partial replacing animal fat with full-fat almonds
1%; T2, partial replacing animal fat with full-fat almonds 2%; T3, partial replacing animal fat with full-fat almonds
4%; SEM, standard error of means. Each value is the mean value of 4 replicates. a–c Means within column with
different superscripts differ significantly (p < 0.05).

3.5. Foot-Pad Dermatitis

The FPD data are shown in Table 11. The FPD score was higher (p < 0.05) in the T3
group of broilers than in the CON group of broilers.

Table 11. Effects of full-fat almonds on the incidence of foot-pad dermatitis in broiler chickens.

Items CON T1 T2 T3 SEM p-Value

Score 1 N % N % N % N %

- -

0 18 37.5 17 35.4 19 39.6 16 33.3
1 26 54.2 21 43.8 15 31.3 12 25.0
2 4 8.3 9 18.7 10 20.8 13 27.1
3 0 0.0 1 2.1 4 8.3 7 14.6

Total 48 100.0 48 100.0 48 100.0 48 100.0
Average 0.71 b 0.88 ab 0.98 ab 1.23 a 0.06 0.035

Abbreviations: CON, basal diet; T1, partial replacing animal fat with full-fat almonds 1%; T2, partial replacing animal fat with full-fat
almonds 2%; T3, partial replacing animal fat with full-fat almonds 4%; SEM, standard error of means. Each value is the mean value of
4 replicates. 1 Lesion score: Lesion score was determined as follows: 0, no lesion; 1, lesion covering less than 25% of the sole of the foot,
large area lesion; 2, covering between 25% and 50% of the sole of the foot; 3, more than 50% of the lesion of the plantar. a,b Means within
column with different superscripts differ significantly (p < 0.05).

4. Discussion
4.1. Growth Performance

The chickens fed diets with FFA up to 4% showed negative FCR results compared to
those in the control group at phase 1 (0–1 week). However, the FCR in phase 4 (3–4 weeks)
and the entire experimental period showed positive results in chickens fed a diet containing
4% FFA compared to the CON group. There is no report in the literature regarding the effect
of FFA on the performance of broiler chickens. Consistent with our results, Oliveira [15]
reported that the dietary inclusion of some components, such as sorghum, may increase
feed conversion rates in broiler chicks due to their tannin content. This increase may also
be related to the effect of phytates on the availability of mineral elements, and the negative
effect of condensed tannins, which are known to affect the FI of animals by inhibiting
the activity of digestive enzymes and reducing the absorptive capacity of the feed [16].
Therefore, the increase in FCR in the chickens in phase1 was possibly due to the anti-
nutritional effect of the FFA fiber. However, Awad et al. [17] found that birds younger than
2 weeks had more proteobacteria, which increase pro-inflammatory cytokines, whereas
Firmicutes and Tenericutes, which increase anti-inflammatory cytokines were predominant
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in birds older than 2 weeks. These results indicate that with the growth of the chicken’s
digestive tract, fiber can increase the intestinal health and digestibility. In this experiment,
the FCR of chickens treated with 4% almond mixture was high in phase 1 and low in phase 4
and overall experimental period. Annongu et al. [18] showed that treated supplementation
of enzyme on fermented almond fruit waste improved the FI, BWG, and FCR of cockerels.
Freitas et al. [19] also reported that an increase in cashew nut bran in broiler diets promoted
a linear increase in BWG and FCR for the whole experiment period. There is a close
relationship between gut health, nutrition, and microflora. The gut microbiota is a highly
metabolic organ that consumes about 20% of dietary energy [20]. Many soluble fibers act
as prebiotics when present in the feed, directly promoting the growth of beneficial gut
bacteria and short-chain fatty acid (SCFA) production [21–23]. Similarly, insoluble fiber
also potentially affects the colonization of beneficial gut microbiota [24]. Including certain
types of insoluble fiber, such as 3–5% cellulose in the diet, has been proven to improve
nutrient utilization. Dietary fiber (DF) also increases pancreatic enzyme activity and inverse
peristalsis, which leads to increased nutrient digestibility [25–27]. Reverse peristalsis
allows the bile salts to reach the gizzard and mix with gastric secretions to improve fat
emulsification, reducing the likelihood that fat will coat nutrients and consequently, making
them more readily hydrolyzed and absorbed [28].

4.2. Nutrient Digestibility

In our study, the AID and ATTD of the EE, CP, and amino acids in chickens fed diets
with up to 4% FFA showed higher digestibility compared to the CON group of broilers.
Published data on the energy, EE, CP, and amino acid digestibility of FFA for poultry
are scarce. However, the higher digestibility of EE was due to monounsaturated acids
and polyunsaturated unsaturated acids. Özcan et al. [29] reported that the major fatty
acids of almond kernel oil were oleic (72.5–79.9%), linoleic (13.5–19.8%), and palmitic acids
(5.9–6.7%). Previous studies have reported that saturated fats (rich in long-chain fatty
acids) were less digestible than fats rich in unsaturated fatty acids [30,31]. In addition,
the degree of fat saturation affects inverse peristalsis and the endogenous loss of fat, so
unsaturated fats generate more bile lobes and enzymes in the intestinal lumen compared to
saturated fats, thereby prolonging the exposure time of the digestive contents to digestive
enzymes [32]. After emulsification with conjugated bile salts, polyunsaturated fatty acids
(PUFAs) in dietary fat are hydrolyzed by pancreatic lipase to a mixture consisting essentially
of 2-monoacylglycerides and free fatty acids. The binding of monoglycerides with bile
salts combined with long-chain unsaturated fatty acids immediately forms micelles [33].
Micelles play an important role in solubilizing low-polarity fatty acids and fat-soluble
vitamins and inducing absorption through the intestinal epithelium [34].

The increase in digestibility of CP and AA in this experiment was thought to be due to
the changes in fiber content. Several studies have reported increased nutrient digestibility
in chickens fed diets with structural components such as fiber [35,36]. The presence of
structural components, coarse particles, and fiber in chicken feed increased gizzard activity
and residence time above the gastrointestinal tract (GIT). It increased bacterial fermentation
in crops [37] and decreased intestinal pH [38], thereby improving pepsin activity and thus,
increasing protein digestibility [39]. In addition, lower pH as a result of higher SCFAs
produced by beneficial bacteria in the gut may enhance pepsin activity [40], which has
been reported to increase the denaturation and hydrolysis of dietary proteins. However, it
is necessary to elucidate the exact mechanism through additional studies in the future.

4.3. Blood Profiles

Nuts are known to be nutritious food with high lipid content. In our experiment, the
T2 and T3 treatment groups with 2% and 4% FFA content in feed showed significantly
lower blood cholesterol content compared to the FFA 0% treatment group. Almonds
increase high-density lipoprotein (HDL) cholesterol and reduce low-density lipoprotein
(LDL) cholesterol levels in humans when included in the diet [41]. A previous study
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reported that including almonds in the diet reduced plasma cholesterol, triglycerides (TG),
and LDL cholesterol levels, and increased HDL cholesterol levels in broilers [42]. Similarly,
Arjomandi et al. [43] found that blood cholesterol levels in quails fed diets containing
20% and 30% almonds were significantly lower than those of quails fed diets containing
10% almonds and the controls. They also reported that quails fed diets containing 20%
and 30% almonds had significantly lower LDL cholesterol levels than quails fed a control
diet. Three major factors that affect blood cholesterol levels following almond intake
are monounsaturated fatty acids (MUFAs) and PUFAs, vitamin E, and fiber [44–46]. A
diet rich in MUFA and PUFA has been reported to reduce plasma cholesterol levels in
birds and humans [47,48]. Vitamin E has been reported to significantly inhibit cholesterol
biosynthesis by regulating the gene encoding a key enzyme in the cholesterol biosynthesis
pathway [49]. It has been reported that dietary fiber intake reduced LDL cholesterol in the
blood by reducing cholesterol absorption, increasing bile acid synthesis, and producing
SCFAs that inhibit cholesterol synthesis [50,51].

4.4. Cecal-Fecal Microflora Composition

In this experiment, the 4% FFA content in the feed significantly reduced the E. coli
content in the cecal and fecal compared to other treatments. Almonds contain significant
amounts of indigestible carbohydrates that can be used as potential prebiotics. Prebiotics
are non-digestible feed ingredients that can serve as a substrate for microbes, help shape the
gut microbiome, and develop immune capacity [52,53]. Mandalari et al. [7,54] investigated
the prebiotic effect of almond seeds and almond brown skins using a mixed fecal bacte-
rial culture in vitro and found that almond seeds and almond brown skins significantly
increased the population of bifido-bacteria after gastric and duodenal simulated digestion
in vitro. Other polysaccharides, such as NSP-β-1,3/1,6 glucans have been reported to
reduce the number of E. coli in the intestine by binding glucans to glucan receptors on
leukocytes [55].

4.5. Foot-Pad Dermatitis

Nutrition is a very important factor in broiler rearing as it affects drinking water
intake, manure viscosity, and litter quality. Dietary factors that increase the amount of
water consumed by chickens thin the manure and increase the litter moisture content,
which, in turn, leads to the development of FPD [56]. There are no studies on the effect
of almonds as a feed ingredient on FPD in broilers. In this study, broilers fed a diet with
4% almonds showed significantly higher FPD scores compared to those fed basal diets.
These results appear to be due to the non-starch polysaccharides (NSP) and high mineral
content of almonds. Dunlop et al. [57] reported feed ingredients high in NSP, such as
wheat, barley, and rye, retained moisture and prevented the reabsorption of moisture in
the intestine, resulting in watery and viscous broiler manure. In addition, when minerals
such as sodium or potassium were high, the amount of water consumed was increased
and the litter moisture content was increased [58].

5. Conclusions

In summary, the present study revealed that the partial replacement of animal fat with
low levels (1–2%) of full-fat almonds in the broiler diets during the overall experimental
period (week 0–4) had no positive effect compared to the control group. Contrastively,
60% animal fat replaced with 4% full-fat almond in broiler diets showed higher growth
performance, nutrient digestibility, and lower blood cholesterol, content of E. coli in cecal-
fecal microflora compared to the control group. The results of this study indicate that 60%
animal fat replacement with at least 4% full-fat almond in broiler diets can increase growth
performance and nutrient digestibility.



Animals 2021, 11, 3075 14 of 16

Author Contributions: J.H.C., H.B.K., B.K.L. and S.H.C. conceptualized of research; Y.J.K., J.H.L.,
H.J.O., S.Y.C., J.W.A., Y.B.G., D.C.S. and H.A.C. curated experimental data; Y.J.K., J.H.C., B.K.L.
and S.H.C. performed investigation for research; Y.J.K. and M.H.S. drafted and writing—original
manuscript; H.J.O. and J.H.L. analyzed formal analysis; Y.J.K., M.H.S., J.H.C. and H.B.K. presented
methodology of research; J.H.C. offered resources; J.H.C. and H.B.K. accomplished supervision for
research; J.H.C., S.H.C. and B.K.L. offered funding acquisition. All authors have read and agreed to
the published version of the manuscript.

Funding: This research was funded by Pathway Intermediates (Seoul, Korea).

Institutional Review Board Statement: The experimental protocol was approved (CBNUA-1531-
21-02) by the Institutional Animal Care and Use Committee of Chungbuk National University,
Cheongju, Korea.

Data Availability Statement: Data sharing is not applicable to this article.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Fernandes, R.T.V.; Arruda, A.M.V.; Melo, A.S.; Marinho, J.B.M. Nutritional evaluation of almond cashew nut by-products in diets

for slow-growing broiler chickens. Bol. Indústria Anim. 2017, 74, 45–50. [CrossRef]
2. Bailone, R.L.; Roça, R.O. Intensidade do borbulhamento de ar no pré-chiller em relação à retenção de água pelas carcaças durante

o sistema de pré-resfriamento em frangos de corte. Avic. Ind. 2016, 107, 36–38.
3. Olugbenga, O.S.; Abayomi, O.O.; Oluseye, A.A.; Taiwo, T.A. Optimized Nutrients Diet Formulation of Broiler Poultry Rations in

Nigeria Using Linear Programming. J. Nutr. Food Sci. 2015, s14. [CrossRef]
4. Almond Board of California. Almond Almanac; Almond Bd. Ca: Sacramento, CA, USA, 2019.
5. U.S. Department of Agriculture ARS. Nutrient data for nuts: Almonds. USDA National Nutrient Database for Standard Reference,

Release 26. Available online: https://www.ars.usda.gov/ARSUSERFILES/80400535/DATA/SR26/SR26_DOC.PDF (accessed on
1 August 2021).

6. Sathe, S. Solubilization, Electrophoretic Characterization And In Vitro Digestibility Of Almond (Prunus Amygdalus) Proteins,2.
J. Food Biochem. 1992, 16, 249–264. [CrossRef]

7. Mandalari, G.; Nueno-Palop, C.; Bisignano, G.; Wickham, M.S.J.; Narbad, A. Potential Prebiotic Properties of Almond (Amygdalus
communis L.) Seeds. Appl. Environ. Microbiol. 2008, 74, 4264–4270. [CrossRef]

8. Liu, Z.; Wang, W.; Huang, G.; Zhang, W.; Ni, L. In vitro and in vivo evaluation of the prebiotic effect of raw and roasted almonds
(Prunus amygdalus). J. Sci. Food Agric. 2016, 96, 1836–1843. [CrossRef]

9. AOAC. Official Methods of Analysis, 17th ed.; The Association of Official Analytical Chemists: Gaithersburg, MD, USA, 2000.
10. NRC [National Research Council]. Nutrient Requirements of Poultry; National Academies Press: Washington, DC, USA, 1994.
11. White, J.A.; Hart, R.J.; Fry, J.C. An evaluation of the Waters Pico-Tag system for the amino-acid analysis of food materials.

J. Autom. Chem. 1986, 8, 170–177. [CrossRef] [PubMed]
12. Hagen, S.R.; Frost, B.; Augustin, J. Precolumn phenylisothiocyanate derivatization and liquid chromatography of amino acids in

food. J. -Assoc. Off. Anal. Chem. 1989, 72, 912–916. [CrossRef] [PubMed]
13. Eichner, G.; Vieira, S.L.; Torres, C.A.; Coneglian, J.L.B.; Freitas, D.M.; Oyarzabal, O.A. Litter moisture and footpad dermatitis as

affected by diets formulated on an all-vegetable basis or having the inclusion of poultry by-product. J. Appl. Poult. Res. 2007, 16,
344–350. [CrossRef]

14. Steel, R.G.D.; Torrie, J.H. Principles and Procedures of Statistics. A Biometric Approach, 2nd ed.; McGraw-Hill Publishers: New York,
NY, USA, 1980.

15. Oliveira, D.H.R. Alternative food for broiler chickens: An overview. Sci. Electron. Arch. 2018, 11, 112–117.
16. Glahn, R.P.; Wortley, G.M.; South, P.K.; Miller, D.D. Inhibition of iron uptake by phytic acid, tannic acid, and ZnCl2: Studies using

an in vitro Digestion/Caco-2 cell model. J. Agric. Food Chem. 2002, 50, 390–395. [CrossRef] [PubMed]
17. Awad, W.A.; Mann, E.; Dzieciol, M.; Hess, C.; Schmitz-Esser, S.; Wagner, M.; Hess, M. Age-related differences in the luminal

and mucosa-associated gut microbiome of broiler chickens and shifts associated with campylobacter jejuni infection. Front. Cell.
Infect. Microbiol. 2016, 6, 154. [CrossRef]

18. Annongu, A.A.; Olawuyi, E.; Atteh, J.; Kayode, R.; Adeyina, A. Effects of dietary levels of chemically treated Terminalia catappa
fruit waste with or without enzyme supplementation for pullet chicks. J. Agric. Res. Dev. 2008, 4, 176–186. [CrossRef]

19. Freitas, E.R.; Fuentes, M.D.F.F.; Santos Júnior, A.D.; Guerreiro, M.E.F.; Espíndola, G.B. Cashew nut meal in broiler diets.
Pesqui Agropecu Bras. 2006, 41, 1001–1006. [CrossRef]

20. Cant, J.P.; McBride, B.W.; Croom, W.J. The regulation of intestinal metabolism and its impact on whole animal energetics.
J. Anim. Sci. 1996, 74, 2541–2553. [CrossRef]

21. Sadeghi, A.; Toghyani, M.; Gheisari, A. Effect of various fiber types and choice feeding of fiber on performance, gut development,
humoral immunity, and fiber preference in broiler chicks. Poult. Sci. 2015, 94, 2734–2743. [CrossRef]

http://doi.org/10.17523/bia.v74n1p45
http://doi.org/10.4172/2155-9600.S14-002
https://www.ars.usda.gov/ARSUSERFILES/80400535/DATA/SR26/SR26_DOC.PDF
http://doi.org/10.1111/j.1745-4514.1992.tb00450.x
http://doi.org/10.1128/AEM.00739-08
http://doi.org/10.1002/jsfa.7604
http://doi.org/10.1155/S1463924686000330
http://www.ncbi.nlm.nih.gov/pubmed/18925132
http://doi.org/10.1093/jaoac/72.6.912
http://www.ncbi.nlm.nih.gov/pubmed/2592313
http://doi.org/10.1093/japr/16.3.344
http://doi.org/10.1021/jf011046u
http://www.ncbi.nlm.nih.gov/pubmed/11782213
http://doi.org/10.3389/fcimb.2016.00154
http://doi.org/10.4314/jard.v4i2.42181
http://doi.org/10.1590/S0100-204X2006000600016
http://doi.org/10.2527/1996.74102541x
http://doi.org/10.3382/ps/pev292


Animals 2021, 11, 3075 15 of 16

22. Dunislawska, A.; Slawinska, A.; Stadnicka, K.; Bednarczyk, M.; Gulewicz, P.; Józefiak, D.; Siwek, M. Synbiotics for broiler
chickens—In Vitro design and evaluation of the influence on host and selected microbiota populations following in ovo delivery.
PLoS ONE 2017, 12, e0168587. [CrossRef]

23. Yadav, S.; Jha, R. Strategies to modulate the intestinal microbiota and their effects on nutrient utilization, performance, and health
of poultry. J. Anim. Sci. Biotechnol. 2019, 10, 1–11. [CrossRef] [PubMed]

24. Jiménez-Moreno, E.; de Coca-Sinova, A.; González-Alvarado, J.M.; Mateos, G.G. Inclusion of insoluble fiber sources in mash
or pellet diets for young broilers. 1. Effects on growth performance and water intake. Poult. Sci. 2016, 95, 41–52. [CrossRef]
[PubMed]

25. Hetland, H.; Svihus, B.; Krogdahl, Å. Effects of oat hulls and wood shavings on digestion in broilers and layers fed diets based on
whole or ground wheat. Br. Poult. Sci. 2003, 44, 275–282. [CrossRef]

26. Amerah, A.; Ravindran, V.; Lentle, R. Influence of insoluble fibre and whole wheat inclusion on the performance, digestive tract
development and ileal microbiota profile of broiler chickens. Br. Poult. Sci. 2009, 50, 366–375. [CrossRef] [PubMed]

27. Mateos, G.G.; Jiménez-Moreno, E.; Serrano, M.P.; Lázaro, R.P. Poultry response to high levels of dietary fiber sources varying in
physical and chemical characteristics. J. Appl. Poult. Res. 2012, 21, 156–174. [CrossRef]

28. Hetland, H.; Choct, M.; Svihus, B. Role of insoluble non-starch polysaccharides in poultry nutrition. World’s Poult. Sci. J. 2004, 60,
415–422. [CrossRef]

29. Özcan, M.M.; Ünver, A.; Erkan, E.; Arslan, D. Characteristics of some almond kernel and oils. Sci. Hortic. 2011, 127, 330–333.
[CrossRef]

30. Vila, B.; Esteve-Garcia, E. Studies on acid oils and fatty acids for chickens. I. Influence of age, rate of inclusion and degree of
saturation on fat digestibility and metabolisable energy of acid oils. Briti Poult Sci 1996, 37, 105–117. [CrossRef]

31. Young, R.J.; Artman, N.R. The Energy Value of Fats and Fatty Acids for Chicks: I. Metabolizable energy. Poult. Sci. 1961, 40,
1653–1662. [CrossRef]

32. Rodriguez-Sanchez, R.; Tres, A.; Sala, R.; Guardiola, F.; Barroeta, A.C. Evolution of lipid classes and fatty acid digestibility along
the gastrointestinal tract of broiler chickens fed different fat sources at different ages. Poult. Sci. 2019, 98, 1341–1353. [CrossRef]
[PubMed]

33. Abbasi, M.A.; Ghazanfari, S.; Sharifi, S.D.; Gavlighi, H.A. Influence of dietary plant fats and antioxidant supplementations on
performance, apparent metabolizable energy and protein digestibility, lipid oxidation and fatty acid composition of meat in
broiler chicken. Vet. Med. Sci. 2020, 6, 54–68. [CrossRef] [PubMed]

34. Leeson, S.; Summers, J.D. Commercial Poultry Nutrition, 4th ed.; Nottingham University Press: Nottingham, UK, 2012.
35. Xu, Y.; Lin, Y.M.; Stark, C.R.; Ferket, P.R.; Williams, C.M.; Brake, J. Effects of dietary coarsely ground corn and 3 bedding floor

types on broiler live performance, litter characteristics, gizzard and proventriculus weight, and nutrient digestibility. Poult. Sci.
2017, 96, 2110–2119. [CrossRef]

36. Kimiaeitalab, M.V.; Cámara, L.; Goudarzi, S.M.; Jiménez-Moreno, E.; Mateos, G.G. Effects of the inclusion of sunflower hulls in
the diet on growth performance and digestive tract traits of broilers and pullets fed a broiler diet from zero to 21 d of age. A
comparative study. Poult. Sci. 2017, 96, 581–592. [CrossRef] [PubMed]

37. Classen, H.; Apajalahti, J.; Svihus, B.; Choct, M. The role of the crop in poultry production. World’s Poult. Sci. J. 2016, 72, 459–472.
[CrossRef]

38. Naderinejad, S.; Zaefarian, F.; Abdollahi, M.R.; Hassanabadi, A.; Kermanshahi, H.; Ravindran, V. Influence of feed form and
particle size on performance, nutrient utilisation, and gastrointestinal tract development and morphometry in broiler starters fed
maize-based diets. Anim. Feed. Sci. Technol. 2016, 215, 92–104. [CrossRef]

39. Effects of Calcium, Citric Acid, Ascorbic Acid, Vitamin D3 on the efficacy of microbial phytase in broiler starters fed wheat-based
diets I. Performance, bone mineralization and ileal digestibility. Int. J. Poult. Sci. 2005, 4, 418–424. [CrossRef]

40. Gabriel, I.; Mallet, S.; Leconte, M. Differences in the digestive tract characteristics of broiler chickens fed on complete pelleted diet
or on whole wheat added to pelleted protein concentrate. Br. Poult. Sci. 2003, 44, 283–290. [CrossRef]

41. Hyson, D.A.; Schneeman, B.O.; Davis, P.A. Almonds and Almond Oil Have Similar Effects on Plasma Lipids and LDL Oxidation
in Healthy Men and Women. J. Nutr. 2002, 132, 703–707. [CrossRef] [PubMed]

42. Yeganeh, Z.M.; Salari, S.; Mirzadeh, K.; Sari, M.; Ghorbani, M. Evaluation of various levels of sweet almond meal as a source
of protein on the production variables and immune response of broiler chickens. Vet. Med. Sci. 2020, 7, 491–499. [CrossRef]
[PubMed]

43. Arjomandi, M.A.; Salarmoini, M.; Asadikaram, G. The use of sweet almond meal as a protein source in japanese quails diets.
Poult Sci. J. 2015, 3, 129–134.

44. Mcnamara, D.J. Dietary fatty acids, lipoproteins, and cardiovascular disease. Adv. Food Nutr. Res. 1992, 36, 253–351. [CrossRef]
45. Saggini, A.; Anogeianaki, A.; Angelucci, D.; Cianchetti, E.; D’Alessandro, M.; Maccauro, G.; Salini, V.; Caraffa, A.; Teté, S.;

Conti, F.; et al. Cholesterol and vitamins: Revisited study. J. Boil. Regul. Homeost. Agents 2012, 25, 505–515.
46. Satija, A.; Hu, F.B. Cardiovascular benefits of dietary fiber. Curr. Atheroscler. Rep. 2012, 14, 505–514. [CrossRef] [PubMed]
47. Kris-Etherton, P.M.; Pearson, T.A.; Wan, Y.; Hargrove, R.L.; Moriarty, K.; Fishell, V.; Etherton, T.D. High–monounsaturated fatty

acid diets lower both plasma cholesterol and triacylglycerol concentrations. Am. J. Clin. Nutr. 1999, 70, 1009–1015. [CrossRef]
48. Newman, R.E.; Bryden, W.L.; Fleck, E.; Ashes, J.R.; Buttemer, W.A.; Storlien, L.H.; Downing, J.A. Dietary n-3 and n-6 fatty acids

alter avian metabolism: Metabolism and abdominal fat deposition. Br. J. Nutr. 2002, 88, 11–18. [CrossRef]

http://doi.org/10.1371/journal.pone.0168587
http://doi.org/10.1186/s40104-018-0310-9
http://www.ncbi.nlm.nih.gov/pubmed/30651986
http://doi.org/10.3382/ps/pev309
http://www.ncbi.nlm.nih.gov/pubmed/26574033
http://doi.org/10.1080/0007166031000124595
http://doi.org/10.1080/00071660902865901
http://www.ncbi.nlm.nih.gov/pubmed/19637037
http://doi.org/10.3382/japr.2011-00477
http://doi.org/10.1079/WPS200325
http://doi.org/10.1016/j.scienta.2010.10.027
http://doi.org/10.1080/00071669608417841
http://doi.org/10.3382/ps.0401653
http://doi.org/10.3382/ps/pey458
http://www.ncbi.nlm.nih.gov/pubmed/30307574
http://doi.org/10.1002/vms3.212
http://www.ncbi.nlm.nih.gov/pubmed/31710179
http://doi.org/10.3382/ps/pew485
http://doi.org/10.3382/ps/pew263
http://www.ncbi.nlm.nih.gov/pubmed/27578883
http://doi.org/10.1017/S004393391600026X
http://doi.org/10.1016/j.anifeedsci.2016.02.012
http://doi.org/10.3923/ijps.2005.418.424
http://doi.org/10.1080/0007166031000096470
http://doi.org/10.1093/jn/132.4.703
http://www.ncbi.nlm.nih.gov/pubmed/11925464
http://doi.org/10.1002/vms3.386
http://www.ncbi.nlm.nih.gov/pubmed/33161644
http://doi.org/10.1016/s1043-4526(08)60107-2
http://doi.org/10.1007/s11883-012-0275-7
http://www.ncbi.nlm.nih.gov/pubmed/22872372
http://doi.org/10.1093/ajcn/70.6.1009
http://doi.org/10.1079/BJN2002580


Animals 2021, 11, 3075 16 of 16

49. Valastyan, S.; Thakur, V.; Johnson, A.; Kumar, K.; Manor, D. Novel transcriptional activities of vitamin E: Inhibition of cholesterol
biosynthesis. Biochem 2008, 47, 744–752. [CrossRef] [PubMed]

50. Lattimer, J.; Haub, M.D. Effects of dietary fiber and its components on metabolic health. Nutrients 2010, 2, 1266–1289. [CrossRef]
[PubMed]

51. Smith, C.E.; Tucker, K. Health benefits of cereal fibre: A review of clinical trials. Nutr. Res. Rev. 2011, 24, 118–131. [CrossRef]
[PubMed]

52. Huyghebaert, G.; Ducatelle, R.; Van Immerseel, F. An update on alternatives to antimicrobial growth promoters for broilers. Vet. J.
2011, 187, 182–188. [CrossRef] [PubMed]

53. Das, L.; Bhaumik, E.; Raychaudhuri, U.; Chakraborty, R. Role of nutraceuticals in human health. J. Food Sci. Technol. 2012, 49,
173–183. [CrossRef] [PubMed]

54. Mandalari, G.; Faulks, R.M.; Bisignano, C.; Waldron, K.W.; Narbad, A.; Wickham, M.S.; Bisignano, G. In vitro evaluation of the
prebiotic properties of almond skins (Amygdalus communis L.). FEMS Microbiol. Lett. 2010, 304, 116–122. [CrossRef] [PubMed]

55. Jamroz, D. Nutritional factors supporting the immune response in animals. Krmiva Časopis Hranidbi žIvotinja Proizv. Tehnol. Krme
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