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Objective: This study aimed to determine and compare the apparent ileal digestibility 
(AID) and the standardized ileal digestibility (SID) of amino acids (AA) in soybean meal 
(SBM), cottonseed meal (CSM), and low-gossypol cottonseed meal (LCSM) fed to broiler 
chickens and laying hens. 
Methods: Three semi-purified diets containing the identical crude protein concentration 
at 20% were formulated to contain SBM, CSM, or LCSM as the sole source of N. A N-free 
diet was also formulated to estimate the basal ileal endogenous losses of AA for broilers 
and hens. A total of 300 male Ross 308 chicks at one-day-old and 144 Hy-Line Brown laying 
hens at 30-week-old with initial egg production rate of 88.3%±1.0% were randomly allocated 
into 1 of 4 dietary treatments, respectively. 
Results: CSM and LCSM showed more Arg and Cys+Met while less Lys, Ile, Leu, and Thr 
relative to SBM. Significant interactions existed between species and experimental diets for 
AID (except for Arg, Asp, Glu, Gly, and Pro) and SID (except for Arg, His, and Phe) of most 
AA. Most AA in diets showed higher AID (except for Lys) and SID (except for Lys, Met, 
and Ser) in broilers relative to laying hens. The AID and SID of all AA were significantly 
different between the three diets. In broilers, the AID and SID of most indispensable AA 
except for Arg in SBM and LCSM was higher than CSM. In laying hens, the AID and SID 
of most indispensable AA except for Arg, Met+Cys, and Phe in SBM was higher than CSM 
and LCSM. 
Conclusion: The accurate determination of AID and SID of AA in CSM and LCSM for 
broilers and layers benefits the application of CSM and LCSM in chicken diets. The cottonseed 
by-products CSM or LCSM showed the species-specific AA digestibility values for broilers 
and layers.
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INTRODUCTION

In livestock production, soybean meal (SBM), the most common protein ingredient, is 
widely used in animal diets [1]. However, with the rising costs and fluctuant availability of 
SBM over the years, alternative protein sources are increasingly explored and employed 
to reduce the SBM use in the feed industry [2-4]. To optimize the inclusion of these pro-
tein ingredients without compromising the efficient production and welfare of animals, it 
is important to formulate nutrition-balanced diets on the basis of digestible amino acids 
(AA) whose values are considered to be the best measure of the AA availability of protein 
feedstuffs [5]. In addition, diet formulations based on ileal digestible AA can effectively 
reduce total nitrogen content of feed and maximize efficiency of protein conversion to 
avoid nitrogen losses to the environment [6]. Apparent ileal digestibility (AID) and stan-
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dardized ileal digestibility (SID) have been widely applied 
for diet formulation owing to their additivity [7]. However, 
there is a dearth of information about AID or SID of AA for 
the alternative protein sources, particularly for a specific tar-
get animal.
 Cottonseeds are one of the major oilseeds around the world, 
and one of their by-products of processing after extracting 
oil and removing lint and hull, cottonseed meal (CSM) con-
taining 22% to 56% crude protein (CP) and 7.4 to 11.99 MJ/kg 
metabolizable energy, is an attractive promising plant pro-
tein replacer of SBM, owing that CSM is more economical 
than SBM and can provide abundant protein to meet the re-
quirements for animals [8-10]. Free gossypol (FG), a phenolic 
aldehyde, in CSM was recognized as an anti-nutritional fac-
tor to reduce growth performance and increase mortality in 
broiler chickens, and decrease egg quality of laying hens [11,12]. 
Gossypol damages the capabilities of digestion, reproduc-
tion, etc., in humans and monogastric animals, which limits 
CSM use in animal diets [13]. However, health and perfor-
mance of animals were not hampered and even could be 
improved if the FG in CSM-based diets was removed or de-
toxified effectively [14,15]. Coupled with the progress in 
processing techniques, cottonseed processors has improved 
the method of oil extraction, which has resulted in low-gos-
sypol CSM (LCSM) [16].
 Chemical composition, energy, and AA digestibility in 
several kinds of CSM fed to growing pigs was already pre-
cisely evaluated [17]. However, efficient application of CSM 
and LCSM in the chicken diets is still limited by the scarce 
data of their AA digestibility including AID and SID. In the 
poultry industry, specialized breeds of chicken have been 
bred to maximize production efficiency, which resulted in 
current separate systems for egg and meat production. Dif-
ferences in physiology and rearing systems between broilers 
and laying hens probably bring out their differences in the 
digestibility of nutrients in feed. The microbial composition 
was significantly more abundant in the cecum of laying hens 
than those of broilers [18]. Broilers had higher SID of AA in 
SBM for most of the nonessential AA relative to laying hens 
[19]. AA digestibility of energy feedstuffs have been demon-
strated to be significantly different between broilers and laying 
hens [20]. Therefore, the present study aimed to determine 
the AID and SID of AA in SBM, CSM, and LCSM fed to broil-
ers and laying hens, and to compare their AA digestibility 
between broilers and laying hens.

MATERIALS AND METHODS 

Animal care
The study procedures including broilers and laying hens 
experiments were reviewed and approved (AEC-CAAS- 
20191207) by the Animal Care and Use Committee of the 

Feed Research Institute of the Chinese Academy of Agri-
cultural Sciences. 

Experimental design and bird management
A 2×3 factorial arrangement with two breeds of chicken (lay-
ing hens vs broilers) and three sources of CP (SBM vs CSM 
vs LCSM) was designed in the present study. SBM and CSM 
originated from hulling and oil extraction processes of soy-
beans and cottonseeds, respectively. LCSM was produced 
from cottonseed and characterized by the low FG content 
originated from a specific one time low-temperature extrac-
tion and a subsequent fractional extraction process with two 
solvents for removing gossypol. The FG, CP, and AA con-
centration of SBM, CSM, and LCSM are listed in Table 1. 
Before experiment, birds were fed the basal diets (Table 2). 
The composition of experimental diets is shown in Table 3. 
Three semi-purified diets containing the identical concen-
tration of CP at 20% as-fed basis were formulated to contain 
SBM, CSM, and LCSM as the sole source of N. To calculate 
SID of AA, an N-free diet was also formulated to estimate 
the basal ileal endogenous losses (BEL) of AA for broilers 
and hens [21], so four experimental diets in total were pre-
pared in this study. All experimental diets provided vitamins 
and minerals for birds to meet or exceed the nutritional re-
quirements (NRC, 1994). For basal ileal endogenous AA losses 

Table 1. Analyzed nutrition contents in protein ingredients

Item
Protein ingredients

SBM CSM LCSM

Crude protein (%) 48.58 40.91 53.11
Dry matter (%) 89.89 89.58 92.22
Free gossypol (mg/kg) - 700.83 106.67
Indispensable AA (%)

Lys 2.922 1.735 2.098
Met 0.606 0.582 0.790
Cys+Met 1.391 1.324 1.783
Trp 0.628 0.481 0.651
Thr 1.878 1.326 1.644
Arg 3.476 4.754 6.154
His 1.298 1.177 1.479
Ile 2.200 1.304 1.552
Leu 3.569 2.323 2.828
Phe 2.561 2.304 2.972
Val 2.317 1.854 2.222

Dispensable AA (%)
Ala 2.061 1.622 1.948
Asp 5.332 3.862 4.691
Cys 0.785 0.742 0.993
Glu 8.285 8.076 10.200
Gly 2.012 1.680 2.104
Pro 2.421 1.821 2.098
Ser 2.387 1.806 2.226

SBM, soybean meal; CSM, cottonseed meal; LCSM, low-gossypol cotton-
seed meal; AA, amino acids.
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and AA digestibility calculations using the index method, 5 
g/kg chromic oxide (Cr2O3) was added to each diet as an in-
gestible marker. The experimental diets fed to broilers and 
laying hens were from the same batch.
 A total of 300 male Ross 308 chicks were obtained at one-
day-old from a commercial hatchery and raised in the chicken 
facility of the Institute (Beijing, China). Birds were fed a stan-
dard corn-SBM-based starter diet that met all the nutrient 
requirements until day 20. Broilers management and supplied 
nutrients were strictly adhered to the recommendations and 
specifications for the Ross 308 breed (Aviagen, 2014). On 
day 21, based on initial body weight, broilers were randomly 
assigned to 1 of 4 dietary treatments with 6 replicate cages 
and 10 birds per cage. One hundred and forty-four 30-week-

old Hy-Line Brown laying hens with an initial egg production 
rate of 88.3%±1.0% were randomly allocated into 1 of 4 di-
etary treatments with 6 replicate cages and 6 hens per cage. 
Laying hens housing and handling procedures during the 
experiment were in accordance with the recommendations 
of Hy-Line International Online Management Guide (Hy-
Line International, 2011). All birds including broilers and 
hens had free access to water and diets. Broilers and laying 
hens were fed either a standard corn-SBM starter diet or a 
regular laying hen diet, respectively, which was adequate in 
all nutrients, prior to the feeding of the experimental diets.

Collection of ileal digesta
At the end of the 5-d feeding period, all birds were euthanized 
by intra-cardial injection of 1.5 mL 40 mg/kg sodium pento-
barbitone. The small intestine was immediately exposed, and 
the contents of the entire ileum were flushed into plastic con-
tainers by distilled water. The ileum was defined as the portion 
of the small intestine from Meckel’s diverticulum to about 5 
mm proximal to the ileo-caecal-colonic junction. Digesta 

Table 2. Composition and nutrient levels of the basal diets, as-fed 
basis

Item Broilers diet  
(1 to 20 d)

Laying hens 
diet

Ingredients (%)
Corn 56.23 66.07
Soybean meal (47%) 34.37 22.83
Wheat-middlings 2.99 -
Soybean oil 2.27 -
Dicalcium phosphate 1.82 1.58
Limestone 1.31 8.80
Sodium chloride 0.30 0.30
DL-Methionine (98%) 0.24 0.17
L-Lysine-HCl (78%) 0.09 -
L-Threonine (98%) 0.06 -
Premix1) 0.22 0.13
Choline chloride (50%) 0.10 0.12
Total 100.00 100.00

Calculated nutrient levels
Metabolizable energy (MJ/kg) 12.35 11.31
Crude protein (%) 21.50 16.50
Calcium (%) 1.00 3.50
Available phosphorus (%) 0.45 0.38
Lysine (%) 1.21 0.75
Methionine (%) 0.55 0.41
Methionine+cysteine (%) 0.88 0.65
Threonine (%) 0.86 0.55

Analyzed nutrient levels
Crude protein (%) 21.43 16.67
Calcium (%) 1.09 3.62
Total phosphorus (%) 0.67 0.58

1) The premix used for broilers supplied the following per kg of complete 
feed: vitamin A, 12,500 IU; vitamin D3, 2,500 IU; vitamin K3, 2.65 mg; 
vitamin B1, 2 mg; vitamin B2, 6 mg; vitamin B12, 0.025 mg; vitamin E, 30 
IU; Cu, 8 mg; Zn, 75 mg; Fe, 80 mg; Mn, 100 mg; Se, 0.15 mg; I, 0.35 mg; 
biotin, 0.0325 mg; folic acid, 1.25 mg; pantothenic acid, 12 mg; niacin, 
50 mg. The premix used for laying hens supplied the following per kg of 
complete feed: vitamin A, 12,500 IU; vitamin D3, 4,125 IU; vitamin E, 15 IU; 
vitamin K, 2.0 mg; thiamine, 1 mg; riboflavin, 8.5 mg; calcium pantothen-
ate, 50 mg; nicotinic acid, 32.5 mg; pyridoxine, 8 mg; vitamin B12, 5 mg; 
biotin, 2 mg; Fe, 60 mg; Mn, 65 mg; Se, 0.30 mg; I, 1.00 mg; Cu, 8 mg; Zn, 
66 mg.

Table 3. Ingredient composition of experimental diets, as-fed basis

Item
Diets

SBM CSM LCSM NFD

Crude protein (%) 20.01 20.00 20.02 0
Metabolizable energy (MJ/kg) 13.34 11.94 13.00 14.36
Ingredients (%)

Corn starch 25.35 21.50 27.10 19.90
Dextrose 25.35 21.50 27.10 65.43
SBM 41.2 0 0 0
CSM 0 48.9 0 0
LCSM 0 0 37.7 0
Soybean oil 4.0 4.0 4.0 4.0
Monocalcium phosphate 1.9 1.9 1.9 1.9
Limestone 1.0 1.0 1.0 1.3
Chromic oxide1) 0.5 0.5 0.5 0.5
NaHCO3 0.2 0.2 0.2 1.2
Sodium chloride 0.2 0.2 0.2 0
Vitamin-mineral premix2) 0.22 0.22 0.22 0.22
Choline chloride 0.08 0.08 0.08 0.08
KCl 0 0 0 4
MgO 0 0 0 0.7
Cellulose3) 0 0 0 50
Total 100 100 100 100

SBM, soybean meal; CSM, cottonseed meal; LCSM, low-gossypol cotton-
seed meal; NFD, N-free diet.
1) Prepared by mixing 1 g of chromic oxide with 4 g of corn starch.
2) Provided per kilogram of diet: iron, 71.6 mg; copper, 11.0 mg; manga-
nese, 178.7 mg; zinc, 178.7 mg; iodine, 3.0 mg; selenium, 0.4 mg; vitamin 
A (retinyl acetate), 18,904.3 IU; vitamin D3 (cholecalciferol), 9,480.0 IU; 
vitamin E (dl-α-tocopheryl acetate), 63.0 IU; vitamin K activity, 6.4 mg; thi-
amine, 3.2 mg; riboflavin, 9.4 mg; pantothenic acid, 34.7 mg; niacin, 126.0 
mg; pyridoxine, 4.7 mg; folic acid, 1.6 mg; biotin, 0.5 mg; vitamin B12, 35.4 
μg.
3) Purified cellulose, Tianjin Gugangfu Fine Chemical Research Institute, 
China.
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within a replicate were pooled, resulting in 6 samples for each 
treatment. The digesta samples were freeze-dried and ground 
with an electric grinder and filtered through a 3 mm screen 
to ensure a homogeneous mixture for analysis.

Chemical analysis
The concentration of dry matter in protein ingredients, diets 
and ileal digesta samples were determined by placing dupli-
cate samples in a drying oven at 105°C for 24 h according to 
the AOAC method (method 934.01; AOAC 2006). Nitrogen 
(N) content was determined using an N analyzer (model 
Kjeltec-8100; FOSS Analytical Co., Ltd. Copenhagen, Den-
mark), and the concentration of CP was calculated using the 
conversion factor of 6.25. Diets and ileal digesta for AA analy-
sis were prepared by acid hydrolysis according to the AOAC 
international method (2000; 982.30 E [A.B.C]). Briefly, approxi-
mately 100 mg of each sample was hydrolyzed in 4 mL of 6 
M HCl (or BaOH for the analysis of Trp) for 24 h at 110°C 
under N atmosphere, followed by neutralization with 4 mL 
of 25% (wt/vol) NaOH, and then cooled to about 25°C. 
Performic acid oxidation at 0°C was carried out before acid 
hydrolysis to analyze the content of Met and Cys (sulfur-
containing AA). The concentration of AA in the hydrolyzed 
samples was determined using an AA analyzer (model Bio-
chrom-30; Biochrom Ltd, Cambridge, UK).
 Chromium (Cr) concentration in the diets and ileal di-
gesta samples were determined following nitric and perchloric 
acid wet-ash digestion (method 935.13; AOAC Interna-
tional, 2000). Cr in the digestion products was quantified by 
spectrophotometry (method 946.06; AOAO International, 
20000) and absorbance read using a Dynex plate reader 
(Dynex Technologies Inc., Chantilly, VA, USA). The con-
centrations of FG in SBM, CSM, and LCSM were detected 
using spectrophotometer according to national standards 
of China (GB13086-1991). Except for AA, all other analyses 
were done in duplicate.

Calculations
The AID of AA was calculated by the following formula us-
ing the Cr marker ratio in the diet and ileal digesta [22].
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 Where Basal EAA = basal endogenous AA flow, and in-
gredient AA = concentration of the AA in the ingredient.

Statistical analysis
Data about AID and SID of AA were analyzed by a 2×3 
factorial using the general linear model procedure of SAS 
for a randomized complete block design (SAS 9.1, SAS Inst. 
Inc., Cary, NC, USA). The model included the fixed effect 
of experimental diets, chicken species, and their associated 
two-way interaction. The AID or SID of AA in a given chick-
en breeds were subjected to one-way analysis of variance 
(ANOVA) with diets as the main variable to determine the 
differences between SBM, CSM, and LCSM. The BEL of 
AA for broilers and laying hens were analyzed by a Student’s 
t-test procedure. Differences were considered significant at 
p≤0.05. Data were presented as mean±standard error of 
mean.

RESULTS 

Chemical analysis
The FG concentration, CP level and total AA content of SBM, 
CSM, and LCSM are presented in Table 1. CSM and LCSM 
were analyzed to contain 700.83 and 106.67 mg/kg FG re-
spectively. The AA composition of SBM with 48.58% CP was 
similar to the NRC (2012) values of dehulled and solvent ex-
tracted SBM. LCSM showed higher CP (53.11%) and total 
AA content than CSM containing 40.91% CP. Three protein 
ingredients show significant difference in AA composition, 
such as CSM and LCSM containing more Arg and Cys+Met 
while less Lys, Ile, Leu, and Thr as compared with SBM. As 
shown in Table 4, the analyzed CP content in the experimental 
diets was close to the designed value of 20%. The analyzed 
AA concentrations in experimental diets were basically con-
sistent with the calculated values based on diet formula and 
AA content of ingredients.

Apparent ileal digestibility of amino acids
Tested diets were formulated using protein ingredients (SBM, 
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CSM, and LCSM) to be the only source of dietary CP. As 
shown in Table 5, most AA in three experimental diets showed 
higher (p<0.05) AID in broilers relative to laying hens except 
for Lys (p = 0.526). The AID of all AA was significantly differ-
ent between the three diets (p<0.05). Significant interactions 
(p<0.05) between species and experimental diets existed for 
AID of most AA except for Arg, Asp, Glu, Gly, and Pro, which 
was described in detail as follows according to the results of 
one-way ANOVA within species (Supplementary Table S1). 
In broilers, the AID of Arg was higher in LCSM than SBM, 
and the AID of Met+Cys was higher in SBM and LCSM than 
CSM. However, in laying hens, the AID of Arg and Met+Cys 
were not different between diets. The AID of His, Met, Met+ 
Cys, Phe, Trp, Thr, and Val in broilers fed SBM or LCSM 
was higher (p<0.05) relative to CSM. The AID of Ile, Leu, 
and Lys in broilers was in turn significantly (p<0.05) de-
creased from SBM, LCSM, to CSM. The AID of His, Ile, 
Leu, Lys, Met, Trp, Thr, and Val in laying hens fed CSM or 
LCSM was lower (p<0.05) as compared with those fed SBM. 
In laying hens, the AID of Phe in CSM was less (p<0.05) 
than that in SBM, while that in LCSM was not different 
from both LCSM and SBM. In addition, the AID of indis-
pensable AA (IAA), dispensable AA (DAA), and total AA 
(TAA) was significantly different (p<0.05) between both 
diets and species. The AID of IAA and TAA shows signifi-

Table 4. Analyzed nutrient content of experimental diets, as-fed basis

Item (%)
Diets

SBM CSM LCSM NFD

CP (N × 6.25) 21.43 23.47 20.37 0.00
Indispensable AA

Lys 1.31 0.87 0.77 0.00
Met 0.27 0.29 0.26 0.00
Cys+Met 0.55 0.63 0.57 0.00
Trp 0.28 0.29 0.25 0.00
Thr 0.84 0.67 0.61 0.00
Arg 1.55 2.67 2.30 0.00
His 0.58 0.63 0.54 0.00
Ile 1.01 0.68 0.61 0.00
Leu 1.63 1.23 1.1 0.00
Phe 1.10 1.2 1.06 0.00
Val 1.04 0.96 0.86 -

Dispensible AA
Ala 0.95 0.84 0.73 0.00
Asp 2.42 2.01 1.80 0.00
Cys 0.28 0.34 0.31 0.00
Glu 3.87 4.43 3.91 0.00
Gly 0.93 0.89 0.80 0.00
Pro 1.14 0.81 0.80 0.00
Ser 1.07 0.93 0.83 0.00

SBM, soybean meal; CSM, cottonseed meal; LCSM, low-gossypol cotton-
seed meal; NFD, N-free diet; CP, crude protein; AA, amino acids.

Table 5. Comparison of apparent ileal digestibility of AA between broilers and laying hens fed different ingredient samples

Item (%)
Diets Species

SEM
p-value

SBM CSM LCSM Broiler Laying hen Diets Species D×S

Indispensable AA
Arg 87.11 85.84 88.25 88.25 85.88 0.78 0.015 0.001 0.220
His 82.54 75.01 77.99 81.01 76.01 1.07 < 0.001 < 0.001 0.032
Ile 81.13 64.72 70.66 74.46 69.88 1.40 < 0.001 < 0.001 < 0.001
Leu 81.45 68.62 73.96 76.98 72.37 1.29 < 0.001 < 0.001 < 0.001
Lys 83.11 60.75 66.25 70.45 69.62 1.59 < 0.001 0.526 < 0.001
Met 80.08 65.97 72.73 74.55 71.29 1.69 < 0.001 0.025 < 0.001
Met+Cys 71.95 66.20 72.14 73.20 66.99 1.53 0.001 < 0.001 < 0.001
Phe 82.88 78.15 81.75 83.30 78.55 0.99 < 0.001 < 0.001 0.041
Trp 79.55 69.82 73.85 76.28 72.52 1.30 < 0.001 0.001 < 0.001
Thr 73.03 57.48 64.08 68.37 61.35 1.79 < 0.001 < 0.001 < 0.001
Val 78.35 68.18 72.62 76.03 70.06 1.37 < 0.001 < 0.001 0.003

Dispensable AA
Ala 79.29 65.07 72.15 74.42 69.92 1.39 < 0.001 < 0.001 0.045
Asp 80.75 71.13 77.80 78.70 74.41 1.07 < 0.001 < 0.001 0.297
Cys 64.10 64.84 73.20 71.75 63.00 1.53 < 0.001 < 0.001 < 0.001
Glu 85.96 81.65 86.08 86.25 82.87 0.79 < 0.001 < 0.001 0.887
Gly 76.16 64.56 72.10 73.34 68.53 1.33 < 0.001 < 0.001 0.065
Pro 80.83 66.69 76.02 77.76 71.26 1.25 < 0.001 < 0.001 0.106
Ser 78.01 66.38 74.06 75.20 70.42 1.45 < 0.001 < 0.001 0.018

IAA 81.10 72.78 76.96 79.02 74.87 1.20 < 0.001 < 0.001 0.001
DAA 81.40 73.62 79.73 80.43 76.07 1.05 < 0.001 < 0.001 0.208
Total AA 81.25 73.20 78.36 79.73 75.48 1.12 < 0.001 < 0.001 0.016

AA, amino acids; SBM, soybean meal; CSM, cottonseed meal; LCSM, low-gossypol cottonseed meal; SEM, standard error of mean; IAA, indispensable AA; 
DAA, dispensable AA.
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cant (p<0.05) interaction between diets and species.

Basal ileal endogenous losses of amino acids
The determination of endogenous AA loss enables us to es-
tablish the AA SID values of feed ingredients by correcting 
the basic endogenous AA loss. The basal ideal endogenous 
AA flow of broilers and laying hens was detected using an 
N-free diet (Table 6). Both IAA and DAA showed more en-
dogenous loss in laying hens as compared with broilers, 
including Lys, Met, Met+Cys, Ile, Thr, Trp, Val, Arg, His, Leu, 
Phe, Ala, Asp, Cys, Glu, Gly, Pro, and Ser.

Standardized ileal digestibility of amino acids
As shown in Table 7, the SID of both IAA and DAA showed 
significantly (p<0.05) difference between experimental diets. 
There were significant (p<0.05) interactions for SID of most 
IAA except for Arg, His, and Phe, which was described in 
detail as follows according to the results of one-way ANOVA 
within species (Supplementary Table S2). Most AA in three 
experimental diets showed higher (p<0.05) SID in broilers 
relative to laying hens except for Lys, Met, and Ser. In broilers, 
the SID of Arg and Met+Cys for LCSM was higher (p<0.05) 
than CSM and similar with SBM. However, in laying hens, 
the SID of Arg and Met+Cys were not different between diets. 
The SID of His, Leu, Met, Phe, Trp, Thr, and Val in broilers 

Table 6. Basal ileal endogenous AA flow of 21-day-old broilers and 
35 week-old laying hens fed an N-free diet (mg/kg DMI)

Item Broiler Laying hen SEM p-value

Indispensable AA
Arg 224.00 367.52 17.48 < 0.001 
His 96.00 194.42 10.19 < 0.001
Ile 195.49 339.28 16.43 < 0.001 
Leu 282.56 509.61 29.83 < 0.001 
Lys 224.00 363.02 18.79 < 0.001 
Met 74.60 113.01 5.64 < 0.001 
Met+Cys 202.80 347.33 19.89 < 0.001 
Phe 167.43 292.27 16.14 < 0.001 
Trp 69.36 131.53 5.88 < 0.001
Thr 339.90 610.42 25.09 < 0.001
Val 274.08 460.39 22.13 < 0.001 

Dispensable AA
Ala 233.00 381.61 19.98 < 0.001
Asp 448.34 763.74 37.87 < 0.001 
Cys 128.21 235.84 16.46 < 0.001 
Glu 565.65 894.41 46.70 < 0.001 
Gly 249.11 434.27 26.16 < 0.001 
Pro 250.96 454.63 35.54 0.002 
Ser 249.11 434.27 26.16 < 0.001

IAA 237.48 407.09 20.79 < 0.001 
DAA 195.47 338.98 15.61 < 0.001
Total AA 303.48 514.11 29.20 < 0.001

AA, amino acids; DMI, dry matter intake; SEM, standard error of mean; 
IAA, indispensable AA; DAA, dispensable AA.

Table 7. Comparison of standardized ileal digestibility of AA between broilers and laying hens fed different ingredient samples

Item (%)
Diets Species

SEM
p-value

SBM CSM LCSM Broiler Laying hen Diets Species D×S

Indispensable AA
Arg 89.02 86.95 89.54 89.34 87.66 0.80 0.007 0.015 0.219
His 85.04 77.31 80.69 82.66 79.36 1.11 < 0.001 0.001 0.052
Ile 83.78 68.65 75.04 77.13 74.52 1.44 < 0.001 0.034 < 0.001
Leu 83.88 71.84 77.56 79.18 76.34 1.33 < 0.001 0.014 < 0.001
Lys 85.35 64.12 70.06 72.84 73.50 1.62 < 0.001 0.622 < 0.001
Met 83.56 69.20 76.33 77.28 75.44 1.70 < 0.001 0.191 < 0.001
Met+Cys 76.95 70.56 76.97 76.69 72.96 1.64 < 0.001 0.009 < 0.001
Phe 84.97 80.06 83.92 84.80 81.16 1.03 < 0.001 < 0.001 0.061
Trp 84.24 74.36 79.11 81.11 77.36 1.36 < 0.001 0.002 < 0.001
Thr 78.69 64.58 71.86 73.27 70.15 1.80 < 0.001 0.043 < 0.001
Val 81.88 72.00 76.89 78.92 74.92 1.42 < 0.001 0.002 0.005

Dispensable AA
Ala 82.53 68.72 76.36 77.22 74.51 1.44 < 0.001 0.028 0.063
Asp 83.26 74.14 81.16 80.89 78.14 1.12 < 0.001 0.005 0.368
Cys 68.61 70.20 79.07 74.58 70.66 1.75 < 0.001 0.001 < 0.001
Glu 87.84 83.29 87.94 87.64 85.07 0.82 < 0.001 0.001 0.900
Gly 79.83 68.41 76.37 76.21 73.52 1.40 < 0.001 0.025 0.093
Pro 83.92 71.04 80.43 80.57 76.36 1.35 < 0.001 0.001 0.154
Ser 82.17 71.16 79.42 78.58 76.58 1.51 < 0.001 0.117 0.030

IAA 84.02 75.72 80.29 81.30 78.71 1.24 < 0.001 0.016 0.002
DAA 84.19 76.51 82.96 82.62 79.81 1.11 < 0.001 0.004 0.269
Total AA 84.11 76.11 81.64 81.97 79.27 1.17 < 0.001 0.008 0.025

AA, amino acids; SBM, soybean meal; CSM, cottonseed meal; LCSM, low-gossypol cottonseed meal; SEM, standard error of mean; IAA, indispensable AA; 
DAA, dispensable AA.
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fed SBM or LCSM was higher (p<0.05) than those fed CSM. 
The SID of Ile and Lys in broilers was in turn significantly 
(p<0.05) decreased from SBM, LCSM, to CSM. The SID of 
His, Ile, Leu, Lys, Met, Trp, Thr, and Val in laying hens fed 
CSM or LCSM was lower (p<0.05) than those fed SBM. In 
laying hens, the SID of Phe in CSM was less (p<0.05) than in 
SBM, while that in LCSM was not different from both LCSM 
and SBM. In addition, the SID of IAA, DAA, and TAA was 
significantly different (p<0.05) between both diets and species. 
The SID of IAA and TAA shows significant (p<0.05) inter-
action between diets and species.

DISCUSSION 

In animal feed, replacement of SBM with CSM or LCSM is 
an effective approach to reduce the feed cost and increase 
economic returns. In recent years, studies in our group have 
demonstrated that no more than half replacement of SBM 
with the by-products of cottonseed including CSM and cot-
tonseed protein (about 300 mg/kg FG, lower than ordinary 
CSM) in chicken diets is feasible without negative effects on 
performance and egg quality [25,26]. However, the AID and 
SID of AA in CSM or LCSM for broilers and laying hens re-
mains unevaluated, which obviously limits their tremendous 
and optimum utilization in chicken feed. Owing to nearly 
identical structure and function of the digestive tract be-
tween broilers and laying hens, the SID AA values of many 
feedstuffs presently used for laying hens were obtained from 
tests of cock of the breed of laying hens or directly referred 
to the data from broilers. In fact, the AA digestibility of 
broilers and laying hens were different because of their dis-
tinct age stage and purpose of production. Therefore, it is 
necessary to compare the AID and SID of AA in cotton meal 
between these two chicken breeds for precision feeding.
 The CP level and AA composition of CSM in this study 
were consistent with the data of CSM in NRC (2012). The 
physicochemical and functional properties of proteins in 
CSM are influenced by its processing methods such as hot-
pressed solvent extraction, cold-pressed solvent extraction 
and sub-critical fluid extraction [27-29]. Owing to the im-
proved method of oil extraction and cottonseed processors, 
the CP level of LCSM in this study was up to 53.11%, signifi-
cantly increased relative to CSM, and even exceeded SBM, 
which is close to the mean CP value of several solvent ex-
tracted CSMs in recent reports [17,30]. The FG concentrations 
of CSM were detected as 700.83 mg/kg which is within the 
scope of previously reported values (200 to 5,300 mg/kg) [9]. 
The FG level in LCSM was 106.67 mg/kg, far less than that 
of CSM. In addition, the AA composition characteristics in-
dicating that CSM and LCSM contained more Arg and Cys+ 
Met but less Lys, Ile, Leu, and Thr in comparison with SBM 
should be taken into consideration once CSM is used to sub-

stitute SBM in diets. In the present study, the average SID of 
AA in CSM and LCSM for broilers was similar with those in 
CSM for poultry recommended by Chinese feed Composi-
tion and Nutritional Value Table (2017) and EVONIK (2016), 
while some of them are slightly higher than those for laying 
hens including Arg, His, Thr, Trp, and Val. Compared with 
the data of extracted-dehulled CSM for poultry in CVB Feed 
Table (2019) and INRAE-CIRAD-AFZ Feed Tables (https://
www.feedtables.com), the average SID of His, Ile, Lys, and 
Val in CSM and LCSM for both broilers and laying hens ob-
tained in the current study is a bit higher, while the other AA 
are similar, besides that, SID of Arg and Phe for broilers and 
SID of Leu for laying hens are shown slightly higher. There-
fore, it indicated that the SID of AA in CSM for poultry is 
changed as the processing techniques of CSM progressed 
and shows obvious differences between broilers and laying 
hens, which also necessitate the current study.
 Chickens can utilize a considerable amount of energy from 
canola meal, CSM, bakery meal, and peanut flour meal [31]. 
Taking AA digestibility into consideration, CSM produced 
from expander solvent could be fed to broilers at up to 21% 
in the complete ration [32]. In the current study, the AID and 
SID of AA in CSM was significantly lower than SBM for 
broilers, while LCSM had almost same values of AID and 
SID AA as SBM except for Lys and Ile. It indicated that LCSM 
probably has a wider space for use in broiler diets than CSM. 
The average SID of AA in broilers fed CSM in this study is 
almost similar with the value (71.7%) in a previous report 
[33]. The AID and SID of AA except for Arg in CSM in the 
present study were significantly lower than those in LCSM 
or SBM. It appears to be consistent with a study about grow-
ing pigs with lower AID and SID for Lys, Ile, Leu, Met, Thr, 
and Val in CSM as compared with the other protein sources 
[34]. Therefore, this observation indicated that FG would 
probably be the main factor that reduced AA digestibility of 
CSM in broilers. However, more investigations are needed 
to support this judgment.
 In laying hens, dietary CSM decreased egg white protein 
synthesis in the magnum [12] and reduced egg production 
and feed efficiency [35], whereas, dietary LCSM supplemen-
tation of about 100 g/kg was recommended without adverse 
effects [25,36]. In this study, the AID and SID of most AA in 
laying hens fed CSM or LCSM was significantly lower than 
those fed SBM. The decreased FG concentration in CSM 
does not improve its AA digestibility in laying hens. It indi-
cated that FG content in CSM was not the limiting factor 
affecting AA digestibility in laying hens, while the differences 
in the composition of AA between CSM, LCSM, and SBM 
may be the reason. After an expanded process, FG content 
in CSM decreased from 1.24 to 0.40 g/kg, and the LCSM can 
be used up to 10% in the total diet of laying hens without 
adversely impacting the performance [37]. Diets with CSM 

https://www.feedtables.com
https://www.feedtables.com
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as the only protein source containing equivalent calculated 
nutrient content to the SBM diet showed no effects on egg 
production of Hy-Line Brown laying hens [38]. Therefore, it 
suggests that dietary nutrition especially AA balance should 
be firstly taken into consideration when CSM is used in the 
diets of laying hens, apart from its FG content.
 The AID (except for Lys) and SID (except for Lys, Met, 
and Ser) of most AA in protein ingredients in this study was 
significantly lower in laying hens than broilers. It is consis-
tent with the report that differences existed in the digestive 
capabilities of broilers and laying hens for protein ingredients, 
such as meat and bone meal and SBM [19], while contrary 
to a previous study that the AID of AA in SBM was higher 
for layers compared with those for broilers [39,40], which 
might result from different SBM quality and experimental 
animal breeds and age. Consistent with the results of Huang 
et al [39] and Adedokun et al [40], our results showed that 
the digestibility of most AA in CSM was similar between 
broilers and layers.
 The significant interactions between species and experi-
mental diets for AID and SID of most AA were observed in 
the current study, which might be owing to the differences 
existing in the digestive capabilities of laying hens and broilers 
[19,41] and the different relative tolerance to the toxicity of 
gossypol between laying and broiler breeder hens [42]. Health 
condition of laying hens is significantly worse than the case 
of meat-type poultry such as broilers and turkeys, especially 
in the impact on the liver due to the likely effect of nutrition 
[43]. The laying hen is more sensitive to gossypol ingestion 
than broilers, especially decreasing egg quality by brown 
yolk discoloration and then causing potential edible safety 
risk [44]. FG was demonstrated to directly affect follicular 
maturation and consequently female fertility [45]. In this 
study, reduction of the concentration of FG in the CSM could 
obviously increase the AID and SID of most AA in broilers, 
while this improvement was not found in laying hens. These 
results necessitate the investigations for the species-specific 
nutrient digestibility values of cottonseed by-products among 
different poultry species, which is indispensable for the ex-
planation to the diverse performance response of different 
chickens exposed to varied levels of FG.

CONCLUSION

This study accurately determined the AID and SID of AA in 
CSM and LCSM for broilers and laying hens and compared 
them with the regular protein source SBM. Replacement of 
SBM with CSM or LCSM in dietary formulations should take 
their distinct AA profiles into consideration. FG may be the 
main factor to reduce AA digestibility of CSM in broilers, 
whereas in laying hens, dietary AA balance should be firstly 
considered besides of FG content when CSM is used in the 

diets. The results of this study provided strong data support-
ing for the optimized application of CSM and LCSM in diets 
of broilers and laying hens.

CONFLICT OF INTEREST

We certify that there is no conflict of interest with any financial 
organization regarding the material discussed in the manu-
script.

FUNDING

This study was supported by the National Key Research and 
Development Program of China (2021YFD1300204), Beijing 
Municipal Natural Science Foundation (6214046), and Agri-
cultural Science and Technology Innovation Program (ASTIP) 
of the Chinese Academy of Agricultural Sciences.

REFERENCES 

1. Stein HH, Berger LL, Drackley JK, et al. Nutritional properties 
and feeding values of soybeans and their coproducts. In: 
Johnson LA, White PJ, Galloway R, editors. Soybeans. Urbana, 
IL, USA: AOCS Press; 2008. pp. 613-60. https://doi.org/10. 
1016/B978-1-893997-64-6.50021-4

2. Miranda MS, Arcaro JRP, Saran Netto AS, et al. Effects of 
partial replacement of soybean meal with other protein sources 
in diets of lactating cows. Animal 2019;13:1403-11. https:// 
doi.org/10.1017/S1751731118002926

3. Manyeula F, Mlambo V, Marume U, Sebola NA. Partial replace-
ment of soybean products with canola meal in indigenous 
chicken diets: size of internal organs, carcass characteristics 
and breast meat quality. Poult Sci 2020;99:256-62. https:// 
doi.org/10.3382/ps/pez470

4. Pangeni D, Jendza JA, Menon DR, Anil L, Yang X, Baidoo 
SK. Effect of replacing conventional soybean meal with low 
oligosaccharide soybean meal fed to weanling piglets. J Anim 
Sci 2017;95:320-6. https://doi.org/10.2527/jas.2016.0780

5. Phillips CJC. Nutrition and the welfare of farm animals. 
Springer; 2016. https://doi.org/10.1007/978-3-319-27356- 
3_1

6. Millet S, Aluwé M, Van den Broeke A, et al. Review: Pork 
production with maximal nitrogen efficiency. Animal 2018; 
12:1060-7. https://doi.org/10.1017/S1751731117002610

7. Xue PC, Ragland D, Adeola O. Determination of additivity 
of apparent and standardized ileal digestibility of amino acids 
in diets containing multiple protein sources fed to growing 
pigs. J Anim Sci 2014;92:3937-44. https://doi.org/10.2527/ 
jas.2014-7815

8. Church DC, Kellems RO. Supplemental protein sources. 
Upper Saddle River, NJ, USA: Prentice-Hall; 1998. pp. 135-63.

9. Nagalakshmi D, Rao SVR, Panda AK, Sastry VRB. Cotton-

https://doi.org/10.1016/B978-1-893997-64-6.50021-4
https://doi.org/10.1016/B978-1-893997-64-6.50021-4
https://doi.org/10.1017/S1751731118002926
https://doi.org/10.1017/S1751731118002926
https://doi.org/10.3382/ps/pez470
https://doi.org/10.3382/ps/pez470
https://doi.org/10.2527/jas.2016.0780
https://doi.org/10.1007/978-3-319-27356-3_1
https://doi.org/10.1007/978-3-319-27356-3_1
https://doi.org/10.1017/S1751731117002610
https://doi.org/10.2527/jas.2014-7815
https://doi.org/10.2527/jas.2014-7815


www.animbiosci.org  627

Qiu et al (2023) Anim Biosci 36:619-628

seed meal in poultry diets: a review. J Poult Sci 2007;44:119-
34. https://doi.org/ 10.2141/jpsa.44.119

10. Stein HH, Lagos LV, Casas GA. Nutritional value of feed ingre-
dients of plant origin fed to pigs. Anim Feed Sci Technol 
2016;218:33-69. https://doi.org/10.1016/j.anifeedsci.2016. 
05.003

11. Henry MH, Pesti GM, Bakalli R, et al. The performance of 
broiler chicks fed diets containing extruded cottonseed meal 
supplemented with lysine. Poult Sci 2001;80:762-8. https:// 
doi.org/10.1093/ps/80.6.762

12. He T, Zhang H, Wang J, Wu S, Yue H, Qi G. Proteomic com-
parison by iTRAQ combined with mass spectrometry of egg 
white proteins in laying hens (Gallus gallus) fed with soybean 
meal and cottonseed meal. PLoS ONE 2017;12:e0182886. 
https://doi.org/10.1371/journal.pone.0182886

13. Withers WA, Carruth FE. Gossypol, the toxic substance in 
cottonseed meal. J Agric Res 1915;7:261-88. 

14. Jazi V, Boldaji F, Dastar B, Hashemi SR, Ashayerizadeh A. 
Effects of fermented cottonseed meal on the growth perfor-
mance, gastrointestinal microflora population and small 
intestinal morphology in broiler chickens. Br Poult Sci 2017; 
58:402-8. https://doi.org/10.1080/00071668.2017.1315051

15. Zhang WJ, Xu ZR, Zhao SH, Sun JY, Xia Y. Development of 
a microbial fermentation process for detoxification of gossypol 
in cottonseed meal. Anim Feed Sci Technol 2007;135:176-
86. https://doi.org/10.1016/j.anifeedsci.2006.06.003

16. Sterling KG, Costa EF, Henry MH, Pesti GM, Bakalli RI. 
Responses of broiler chickens to cottonseed- and soybean 
meal-based diets at several protein levels. Poult Sci 2002;81: 
217-26. https://doi.org/10.1093/ps/81.2.217

17. Ma DL, Ma XK, Liu L, Zhang S. Chemical composition, energy, 
and amino acid digestibility in 7 cottonseed co-products fed 
to growing pigs. J Anim Sci 2018;96:1338-49. https://doi.org/ 
10.1093/jas/sky042

18. Qi Z, Shi S, Tu J, Li S. Comparative metagenomic sequencing 
analysis of cecum microbiotal diversity and function in broilers 
and layers. 3 Biotech 2019;9:316. https://doi.org/10.1007/ 
s13205-019-1834-1

19. Adedokun SA, Jaynes P, Abd El-Hack ME, Payne RL, Applegate 
TJ. Standardized ileal amino acid digestibility of meat and 
bone meal and soybean meal in laying hens and broilers. 
Poult Sci 2014;93:420-8. https://doi.org/10.3382/ps.2013- 
03495

20. Adedokun SA, Jaynes P, Payne RL, Applegate TJ. Standardized 
ileal amino acid digestibility of corn, corn distillers’ dried 
grains with solubles, wheat middlings, and bakery by-products 
in broilers and laying hens. Poult Sci 2015;94:2480-7. https:// 
doi.org/10.3382/ps/pev226

21. Adedokun SA, Parsons CM, Lilburn MS, Adeola O, Applegate 
TJ. Comparison of ileal endogenous amino acid flows in 
broiler chicks and turkey poults. Poult Sci 2007;86:1682-9. 
https://doi.org/10.1093/ps/86.8.1682

22. Adedokun SA, Adeola O, Parsons CM, Lilburn MS, Applegate 
TJ. Standardized ileal amino acid digestibility of plant feedstuffs 
in broiler chickens and turkey poults using a nitrogen-free 
or casein diet. Poult Sci 2008;87:2535-48. https://doi.org/10. 
3382/ps.2007-00387

23. Adedokun SA, Parsons CM, Lilburn MS, Adeola O, Applegate 
TJ. Endogenous amino acid flow in broiler chicks is affected 
by the age of birds and method of estimation. Poult Sci 2007; 
86:2590-7. https://doi.org/10.3382/ps.2007-00096

24. Ravindran V, Adeola O, Rodehutscord M, et al. Determination 
of ileal digestibility of amino acids in raw materials for broiler 
chickens – Results of collaborative studies and assay recom-
mendations. Anim Feed Sci Technol 2017;225:62-72. https:// 
doi.org/10.1016/j.anifeedsci.2017.01.006

25. Wang X, Zhang H, Wang H, Wang J, Wu S, Qi G. Effect of 
dietary protein sources on production performance, egg 
quality, and plasma parameters of laying hens. Asian-Australas 
J Anim Sci 2017;30:400-9. https://doi.org/10.5713/ajas.16. 
0457

26. Wang X, Wu S, Zhang H, Yue H, Qi G, Li J. Effect of dietary 
protein sources and storage temperatures on egg internal 
quality of stored shell eggs. Anim Nutr 2015;1:299-304. https:// 
doi.org/10.1016/j.aninu.2015.12.003

27. Ma M, Ren Y, Xie W, et al. Physicochemical and functional 
properties of protein isolate obtained from cottonseed meal. 
Food Chem 2018;240:856-62. https://doi.org/10.1016/j.food 
chem.2017.08.030

28. He Z, Zhang H, Olk DC. Chemical composition of defatted 
cottonseed and soy meal products. PLoS ONE 2015;10: 
e0129933. https://doi.org/10.1371/journal.pone.0129933

29. Almeida FN, Htoo JK, Thomson J, Stein HH. Digestibility 
by growing pigs of amino acids in heat-damaged sunflower 
meal and cottonseed meal. J Anim Sci 2014;92:585-93. https:// 
doi.org/10.2527/jas.2013-6769

30. Ma X, Zhang S, Shang Q, Long S, Piao X. Determination and 
prediction of the apparent and standardized ileal amino acid 
digestibility in cottonseed meals fed to growing pigs. Anim 
Sci J 2019;90:655-66. https://doi.org/10.1111/asj.13195

31. Zhang F, Adeola O. Energy values of canola meal, cottonseed 
meal, bakery meal, and peanut flour meal for broiler chickens 
determined using the regression method. Poult Sci 2017;96: 
397-404. https://doi.org/10.3382/ps/pew239

32. Gamboa DA, Calhoun MC, Kuhlmann SW, Haq AU, Bailey 
CA. Use of expander cottonseed meal in broiler diets formul-
ated on a digestible amino acid basis. Poult Sci 2001;80:789-
94. https://doi.org/10.1093/ps/80.6.789

33. Ullah Z, Ahmed G, Nisa MU, Sarwar M. Standardized ileal 
amino acid digestibility of commonly used feed ingredients 
in growing broilers. Asian-Australas J Anim Sci 2016;29:1322-
30. https://doi.org/10.5713/ajas.15.0703

34. Cotten B, Ragland D, Thomson JE, Adeola O. Amino acid 
digestibility of plant protein feed ingredients for growing 

https://doi.org/10.2141/jpsa.44.119
https://doi.org/10.1016/j.anifeedsci.2016.05.003
https://doi.org/10.1016/j.anifeedsci.2016.05.003
https://doi.org/10.1093/ps/80.6.762
https://doi.org/10.1093/ps/80.6.762
https://doi.org/10.1371/journal.pone.0182886
https://doi.org/10.1080/00071668.2017.1315051
https://doi.org/10.1016/j.anifeedsci.2006.06.003
https://doi.org/10.1093/ps/81.2.217
https://doi.org/10.1093/jas/sky042
https://doi.org/10.1093/jas/sky042
https://doi.org/10.1007/s13205-019-1834-1
https://doi.org/10.1007/s13205-019-1834-1
https://doi.org/10.3382/ps.2013-03495
https://doi.org/10.3382/ps.2013-03495
https://doi.org/10.3382/ps/pev226
https://doi.org/10.3382/ps/pev226
https://doi.org/10.1093/ps/86.8.1682
https://doi.org/10.3382/ps.2007-00387
https://doi.org/10.3382/ps.2007-00387
https://doi.org/10.3382/ps.2007-00096
https://doi.org/10.1016/j.anifeedsci.2017.01.006
https://doi.org/10.1016/j.anifeedsci.2017.01.006
https://doi.org/10.5713/ajas.16.0457
https://doi.org/10.5713/ajas.16.0457
https://doi.org/10.1016/j.aninu.2015.12.003
https://doi.org/10.1016/j.aninu.2015.12.003
https://doi.org/10.1016/j.foodchem.2017.08.030
https://doi.org/10.1016/j.foodchem.2017.08.030
https://doi.org/10.1371/journal.pone.0129933
https://doi.org/10.2527/jas.2013-6769
https://doi.org/10.2527/jas.2013-6769
https://doi.org/10.1111/asj.13195
https://doi.org/10.3382/ps/pew239
https://doi.org/10.1093/ps/80.6.789
https://doi.org/10.5713/ajas.15.0703


628  www.animbiosci.org

Qiu et al (2023) Anim Biosci 36:619-628

pigs. J Anim Sci 2016;94:1073-82. https://doi.org/10.2527/ 
jas.2015-9662

35. Mu Y, Zhu LY, Yang A, et al. The effects of dietary cottonseed 
meal and oil supplementation on laying performance and 
egg quality of laying hens. Food Sci Nutr 2019;7:2436-47. 
https://doi.org/10.1002/fsn3.1112

36. He T, Zhang HJ, Wang J, Wu SG, Yue HY, Qi GH. Application 
of low-gossypol cottonseed meal in laying hens' diet. Poult 
Sci 2015;94:2456-63. https://doi.org/10.3382/ps/pev247

37. Yuan C, Song HH, Zhang XY, et al. Effect of expanded cotton-
seed meal on laying performance, egg quality, concentrations 
of free gossypol in tissue, serum and egg of laying hens. Anim 
Sci J 2014;85:549-54. https://doi.org/10.1111/asj.12169

38. Al-Ajeeli MN, Leyva-Jimenez H, Abdaljaleel RA, et al. Evalu-
ation of the performance of Hy-Line Brown laying hens fed 
soybean or soybean-free diets using cage or free-range rearing 
systems. Poult Sci 2018;97:812-9. https://doi.org/10.3382/ 
ps/pex368

39. Huang KH, Li X, Ravindran V, Bryden WL. Comparison of 
apparent ileal amino acid digestibility of feed ingredients 
measured with broilers, layers, and roosters. Poult Sci 2006; 
85:625-34. https://doi.org/10.1093/ps/85.4.625

40. Adedokun SA, Utterback P, Parsons CM, Adeola O, Lilburn 
MS, Applegate TJ. Comparison of amino acid digestibility 
of feed ingredients in broilers, laying hens and caecectomised 

roosters. Br Poult Sci 2009;50:350-8. https://doi.org/10.1080/ 
00071660902951321

41. Adedokun SA, Pescatore AJ, Ford MJ, Ao T, Jacob JP. Investi-
gating the effect of dietary calcium levels on ileal endogenous 
amino acid losses and standardized ileal amino acid digesti-
bility in broilers and laying hens. Poult Sci 2018;97:131-9. 
https://doi.org/10.3382/ps/pex271

42. Lordelo MM, Calhoun MC, Dale NM, Dowd MK, Davis AJ. 
Relative toxicity of gossypol enantiomers in laying and broiler 
breeder hens. Poult Sci 2007;86:582-90. https://doi.org/10. 
1093/ps/86.3.582

43. Vecerek V, Vecerkova L, Voslarova E. Comparison of the 
frequency of patho-anatomic findings in laying hens with 
findings in broiler chickens and turkeys detected during 
post-mortem veterinary inspection. Poult Sci 2019;98:5385-
91. https://doi.org/10.3382/ps/pez364

44. Zhu L, Yang A, Mu Y, et al. Effects of dietary cottonseed oil 
and cottonseed meal supplementation on the structure, nutri-
tional composition of egg yolk and gossypol residue in eggs. 
Poult Sci 2019;98:381-92. https://doi.org/10.3382/ps/pey359

45. Luz VB, Gadelha ICN, Cordeiro LAV, Melo MM, Soto-Blanco 
B. In vitro study of gossypol's ovarian toxicity to rodents and 
goats. Toxicon 2018;145:56-60. https://doi.org/10.1016/j. 
toxicon.2018.02.051

https://doi.org/10.2527/jas.2015-9662
https://doi.org/10.2527/jas.2015-9662
https://doi.org/10.1002/fsn3.1112
https://doi.org/10.3382/ps/pev247
https://doi.org/10.1111/asj.12169
https://doi.org/10.3382/ps/pex368
https://doi.org/10.3382/ps/pex368
https://doi.org/10.1093/ps/85.4.625
https://doi.org/10.1080/00071660902951321
https://doi.org/10.1080/00071660902951321
https://doi.org/10.3382/ps/pex271
https://doi.org/10.1093/ps/86.3.582
https://doi.org/10.1093/ps/86.3.582
https://doi.org/10.3382/ps/pez364
https://doi.org/10.3382/ps/pey359
https://doi.org/10.1016/j.toxicon.2018.02.051
https://doi.org/10.1016/j.toxicon.2018.02.051



