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ABSTRACT The objective of this study was to in-
vestigate the responses of meat ducks of 15 to 35 d
of age to free gossypol (FG) from cottonseed meal
(CSM) and to establish the maximum limits of di-
etary FG concentration based on growth performance,
blood parameters, and tissue residues of gossypol. Nine
hundred 15-d-old ducks were randomly allocated to 5
treatments with 10 cages/treatment and 18 ducks/cage
on the basis of BW. Five isonitrogenous and isocaloric
experimental diets were formulated on a digestible
amino acid basis to produce diets in which 0% (with-
out FG), 25% (36 mg FG/kg), 50% (75mg FG/kg), 75%
(111 mg FG/kg), and 100% (153 mg FG/kg) of protein
from soybean meal were replaced by that from CSM. In-
creasing dietary FG content, BW, and ADG decreased
(linearly, P < 0.05, except for ADG of days 29 to 35),

and F/G linearly increased (P < 0.05). At 35 d,
blood hemoglobin, mean corpuscular hemoglobin, and
mean corpuscular hemoglobin concentration linearly
decreased (P < 0.05), while serum total protein, albu-
min, and globulin content linearly decreased (P < 0.05),
and the residue of gossypol in liver, kidney, heart,
breast, and leg muscle linearly increased (P < 0.001)
with increases in dietary FG concentration. Ducks fed
36 mg FG/kg (5.83% CSM of diet) diet had a normal
histological structure of liver, and muscle (breast and
leg) had no residue of gossypol. The maximum limit of
dietary FG concentration was estimated to range from
a low of 36 mg/kg to maximize serum globulin concen-
tration to a high of 124 mg/kg to minimize feed intake
for 22 to 28d on the basis of a quadratic broken-line
model.
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INTRODUCTION

Cottonseed meal (CSM) is both a cheap coprod-
uct and a good source of protein, similar to soybean
meal (SBM), and could be used to replace SBM. Al-
though lysine content and its digestibility are low in
CSM, this can be partially offset by diets formulated on
a digestible amino acid basis (Gamboa et al., 2001a).
The risk of gossypol toxicity is the primary concern of
the poultry industry, limiting the incorporation of CSM
in poultry feeds. Several studies conducted on broil-
ers have proved that gossypol can reduce performance,
increase mortality and concentrations of free gossypol
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(FG) in tissues of chickens (Henry et al., 2001; Gamboa
et al., 2001a; Lordelo et al., 2005; Adeyemo and Longe,
2007; Adeyemo, 2010). Henry et al. (2001) found that
broilers fed 1,600 mg purified gossypol/kg of diet re-
sulted in significantly enlarged gallbladder, perivascular
lymphoid aggregate formation, biliary hyperplasia, and
hepatic cholestasis. This indicated that liver toxicity
was the critical effect of gossypol on the health of the
chicken. Blevins et al. (2010) observed that gamma glu-
tamyltransferase was also elevated in chickens fed 1,000
mg gossypol/kg of diet at day 14,and its activities in-
creased further by day 21. Zeng et al. (2014) found that
the dietary total gossypol (TG) and FG concentration
from CSM should be lower than 929 and 77 mg/kg of
diet based on growth performance and health of 0 to
21d of age of meat ducks, respectively, and observed
that meat ducks were more sensitive to dietary FG con-
centration than broilers. However, no research has been
done on the effects of CSM or gossypol from CSM on
the growth performance and health of meat ducks from
15 to 35d of age.

The other toxic effect of FG is that can combine with
ferric ion in blood, subsequently affecting erythrocyte
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oxygen-carrying or oxygen-releasing capacity (Brocas
et al., 1997). Yildirim et al. (2003) revealed that the
red blood cell (RBC) count of fish fed the two high-
est levels of dietary gossypol (1,200 and 1,500 mg) was
significantly lower than that of fish fed a control diet;
hemoglobin significantly decreased in fish fed 900 mg
or more gossypol diets; hematocrit was significantly
affected at each incremental level of dietary gossypol
beyond 600 mg/kg or higher. In contrast, Velasquez-
Pereira et al. (2002) reported that blood hemoglobin
and hematocrit in superovulated beef heifers was not
affected by dietary gossypol. To date, no reports have
focused on the effect of gossypol or CSM on the hema-
tology of ducks.

Gossypol has a strong tendency to accumulate in an-
imal tissues and is not easily cleared from the animal
body (Sharma et al., 1966). This has generated consid-
erable concern about the safety of CSM. Sharma et al.
(1966) reported that the levels of gossypol in pig or-
gans were directly related to the level of gossypol in
the diet and to the length of time the diet was fed.
Larger amounts of gossypol are found in the liver, kid-
ney, heart, and spleen, with lesser amounts found in
brain and muscle (Roehm et al., 1967). To our knowl-
edge, there have been no reports of gossypol residue in
tissues of meat duck fed CSM. Therefore, the objectives
of this study were to determine the effects of graded lev-
els of gossypol from CSM in the diets of 15- to 35-d-old
meat ducks on growth performance, hematology, serum
biochemical profile, liver histopathology, and gossypol
tissue residue and to establish the maximum limits
of dietary FG concentration based on growth perfor-
mance, hematology, and serum biochemical profile.

MATERIALS AND METHODS

Birds, Experimental Design, and
Management

One-d-old ducks were obtained from a local duck
breeding farm. During the first 2 weeks, ducks were
acclimated to the experimental conditions and fed a
commercial diet (corn–soybean basal diet, ME = 2,900
Kcal/kg; CP = 19.5%). At 15 d, 900 male ducks (ini-
tial weight 669 ± 10 g) were weighed and sorted into 50
cages, with 10 cages/treatment and 18 ducks/cage, ac-
cording to a completely randomized design. Five isoni-
trogenous and isocaloric experimental diets were formu-
lated on a digestible amino acid (AA) basis. The exper-
imental diets were formulated to produce diets in which
0% (diet 1, control diet, a corn–soybean basal diet,
without TG and FG), 25% (diet 2, with 594 mg TG/kg
and 36 mg FG/kg), 50% (diet 3, with 1,096 mg TG/kg
and 75 mg FG/kg), 75% (diet 4, with 1,725 mg TG/kg
and 111 mg FG/kg), and 100% (diet 5, with 2,229 mg
TG/kg and 153 mg FG/kg) of protein from SBM were
replaced with that from CSM. The TG and FG con-
centrations of all diets were the analyzed values. The
composition and calculated nutrient and energy levels

of all diets are presented in Table 1. Diets 2, 3, and 4
were generated by blending diets 1 and 5 at a ratio of
3:1, 1:1, and 1:3, respectively. Diet 5 was supplemented
with L-lysine. HCl, DL-methionine, L-threonine, and
L-tryptophan, and it contained the same level of these
AA as the control diet on a digestible basis. All di-
ets were formulated to meet or exceed nutrient require-
ments of meat duck according to NRC (1994) (Table 1).
Diets were fed in pellet form. Feed and water were pro-
vided ad libitum throughout the experimental period.
All ducks were housed in an environmentally controlled
facility at 24◦C. The experimental protocol used in this
study was approved by the Animal Care and Use Com-
mittee of Sichuan Agricultural University.

Sampling and Measurement

On days 21, 28, and 35, after 12 h feed with-
drawal, ducks were weighed, and feed consumption was
recorded by cage. Average daily gain, ADFI, and F/G
were calculated. Mortality was recorded daily. One duck
with weight closest to the cage average was selected
and bled. Approximately 2 mL blood was collected
via the vena brachialis and was placed into tubes con-
taining EDTA-Na2 (an anticoagulant) for subsequent
determination of hematological assays, which included
the hematocrit (HCT, %), hemoglobin (HGB, g/L),
mean corpuscular volume (MCV, fl), mean corpuscular
hemoglobin (MCH, pg), mean corpuscular hemoglobin
concentration (MCHC, g/L), and the RBC count
(×102/L). These blood parameters were analyzed us-
ing an automated hematology analyzer (Alfa Basic 16p,
Boule Medical AB, Sweden) within 2 h after blood col-
lection. Approximately 5 mL blood sample were col-
lected from the jugular vein and immediately placed on
ice, transported to the laboratory within 3 h of collec-
tion, and centrifuged at 2,000 × g at 4◦C for 15 min.
Serum was collected and stored at −20◦C until analysis
for biochemical parameters. Serum alanine aminotrans-
ferase (ALT) and aspartate aminotransferase (AST)
activity, total protein (TP), globin (GLB), and albu-
min (ALB) contents were analyzed using bio chemistry
Analyzer (Yellow Springs Instrument Co., Inc., Yellow
Springs, OH).

Once blood was collected, birds were euthanized by
cervical dislocation. Samples of liver (right lobes, 10
ducks/treatment) were collected for gossypol content
determination and the left lobes (5 ducks/treatment)
of the liver were collected to examine the liver for
histopathological lesions according to Zeng et al. (2014).
The fixed tissues were trimmed and embedded in paraf-
fin. Thin sections (5 μm) were sliced, mounted on
a slide, and stained with hematoxylin and eosin for
histopathological examination by a pathologist. Based
on the severity of liver steatosis, the severity of le-
sions was scored subjectively as follows: 0 = normal
histological structure (400×); 1 = approximately 25%
liver cytoplasmic vacuolation and slight funicular hy-
perplasia of bile duct epithelium were recognizable
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Table 1. Dietary ingredient and calculated energy and nutrient contents
of per-treatment diets (as-fed basis).

Items Diet1∗ Diet 2 Diet 3 Diet 4 Diet 5

Ingredient (%)
Corn 71.5 69.8 68.2 66.6 65.0

Soybean oil 1.53 2.32 3.10 3.90 4.69
Soybean meal (CP) (43%) 23.3 17.5 11.6 5.83 —

Cottonseed meal (CP)(43%) — 5.83 11.6 17.5 23.3
L-lysine.HCl 0.13 0.23 0.32 0.42 0.51

DL-methionine 0.17 0.18 0.19 0.19 0.20
Limestone 0.75 0.79 0.83 0.86 0.90

Dicalcium phosphate 1.03 0.98 0.93 0.87 0.82
L-theronine 0.00 0.04 0.09 0.13 0.17

L-tryptophan 0.07 0.08 0.08 0.09 0.09
Rice bran and hull 0.57 1.26 1.94 2.63 3.31
Sodium chloride 0.35 0.35 0.35 0.35 0.35
Choline chloride 0.15 0.15 0.15 0.15 0.15

Vitamin and mineral premix1 0.53 0.53 0.53 0.53 0.53
Total 100 100 100 100 100

Energy and nutrient composition2

ME (MJ/kg) 12.54 12.54 12.54 12.54 12.54
Crude protein (%) 16.00 16.00 16.00 16.00 16.00

Ca (%) 0.60 0.60 0.60 0.60 0.60
Available P (%) 0.30 0.30 0.30 0.30 0.30

Digestible lysine (%) 0.81 0.81 0.81 0.81 0.81
Digestible methionine (%) 0.39 0.39 0.39 0.39 0.39
Digestible theronine (%) 0.54 0.54 0.54 0.54 0.54

Digestible tryptophan (%) 0.22 0.22 0.22 0.22 0.22
Free gossypol (analyzed)(mg/kg) 0.00 36 75 111 153
Total gossypol (analyzed)(mg/kg) 0.00 594 1,096 1,725 2,229

1Vitamin and mineral premix supplied per kilogram diet: vitamin A, 9,000 IU;
vitamin D3,1,500 IU; vitamin E, 7.5 IU; vitamin B1, 0.6 mg; vitamin B2, 4.8 mg;
pantothenic acid, 1.5 mg; vitamin B12, 0.009 mg; folic acid, 0.15 mg; niacin 20 mg;
Cu (CuSO4

�5H2O), 8 mg; Fe (FeSO4
�7H2O), 80 mg; Zn (ZnSO4

�7H2O), 90 mg;
Mn (MnSO4

�H2O), 70 mg; Se (NaSeO3), 0.3 mg; I (KI), 0.4mg.
2Calculated values unless indicated otherwise.
∗Diet 1 =control group, a basal diet; Diet 2 = 25% protein of SBM in basal diet

replaced by that of CSM; Diet 3 = 50% protein of SBM in basal diet replaced by
that of CSM; Diet 4 = 75% protein of SBM in basal diet replaced by that of CSM;
Diet 5 = 100% protein of SBM in basal diet replaced by that of CSM.

(400×); 2 = approximately 50% liver cytoplasmic vac-
uolation and serious funicular hyperplasia of bile duct
epithelium were observed (400×); 3 = 80 to100%
liver cytoplasmic vacuolation and much more massive
hyperplasia of bile duct epithelium were found (400×).
The pathologist was blinded to treatment when evalu-
ating slides. On day 35, other organs or tissues, such as
kidney, heart, breast muscle, and leg muscle of ducks
(10 ducks/treatment), were collected. All samples were
packed in ice as they were collected and stored at −20◦C
until being analyzed for gossypol.

Gossypol Determination by HPLC

All test diets were assessed for TG content by HPLC
as described by Hron et al. (1990) and assessed for
FG content by HPLC according to Zeng et al. (2014).
The TG in tissue was analyzed as follows: freeze-dried
and finely ground tissue samples were mixed with ex-
traction reagent composed of 2% 3-amino-1-propanol
and 10% glacial acetic acid in N, N-dimethylformamide
and vigorously vortexed (30 min). The vortexed sam-
ples were treated by ultrasonic at 40◦C for 30 min and
then heated at 90◦C for 30 min, cooled on ice, and then
centrifuged (4◦C) at 1,500 × g for 5 min. After centrifu-

gation, an aliquot of the supernatant was diluted with
the mobile phase to obtain a desirable concentration,
centrifuged again at 1,500 × g for 5 min, and filtered
through a syringe filter (0.45 μm) before injection into
the HPLC system as described by Lee and Dabrowski
(2002). The conditions of HPLC were as follows: col-
umn of chromatogram sepax sapphire C18 5 μm 120A
(250 ×4.6 mm) mobile phase acetonitrile/water (1.2%
H3PO4) = 80/15 (V/V), UV254-nm detector, column
temperature 25◦C, flow rate 1 mL/min as described by
Hron et al. (1990).

Statistical Analysis

The effects of gossypol were assessed by ANOVA
followed by a linear contrast to test the dose effect
of gossypol on growth performance, blood parameters,
and tissue residues of gossypol among treatments were
assessed using the GLM procedure of SAS soft-
ware (SAS Institute Inc., 2006). Mortality data
were arcsin transformed prior to the analysis. In
the present study, broken-line regression analysis
(Robbins et al., 2006) was used to estimate the
maximum level of dietary FG concentration using
the nonlinear regression (NLIN) procedure of SAS
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Table 2. Effects of gossypol from CSM on growth performance of 15- to 35-d-old
ducks.1

Dietary FG concentration (mg/kg) P-value

Item 0 36 75 111 153 SEM ANOVA Linear

BW, g
Day 15 668 672 665 669 672 3.27 0.56 0.80
Day 21 1,235a 1,251a 1,254a 1,234a 1,196b 8.48 <0.001 0.008
Day 28 1,832a 1,835a 1,839a 1,825a 1,726b 10.5 <0.0001 <0.001
Day 35 2,5083a 2,515a 2,521a 2,502a 2,371b 16.3 <0.0001 <0.001

ADG(g)
Days 15–21 80.9a 82.7a 84.1a 81.0a 74.8b 1.22 <0.001 0.007
Days 22–28 84.5a 83.5a 83.6a 83.5a 74.8b 1.48 0.001 <0.001
Days 29–35 96.3 97.2 95.8 96.8 88.3 2.61 0.06 0.11
Days 15–35 87.2a 87.3a 88.4a 87.3a 80.9b 0.87 <0.0001 <0.001
ADFI(g)
Days 15–21 148a,b 152b,c 153c 154c 145a 1.29 <0.001 0.27
Days 22–28 161a 166b 168b 170b 159a 1.65 <0.001 0.85
Days 29–35 201 207 207 209 199 3.53 0.23 0.91
Days 15–35 168a 175b 175b 177b 166a 1.76 <0.001 0.68
FG (g/g)
Days 15–21 1.82a 1.84a,b 1.85a,b 1.91b,c 1.95c 0.02 0.001 <0.001
Days 22–28 1.91a 1.99a,b 2.02a,b 2.02b 2.11c 0.03 0.002 0.003
Days 29–35 2.06a 2.11a,b 2.13a,b 2.16b,c 2.21c 0.02 0.002 <0.001
Days 15–35 1.93a 1.98b 1.98b 2.03c 2.08d 0.01 <0.001 <0.001
Mortality (%)
Days 15–21 0 0 0 0.56 0 0.25 0.48 0.42
Days 22–28 0 0 0.59 0 0.59 0.37 0.32 0.56
Days 29–35 0 0 0 0 1.25 0.56 0.42 0.16
Days 15–35 0 0 0.56 0.56 1.67 0.64 0.36 0.06

1Means represent 10 replicates/treatment.
a–dMeans in the same row with different superscripts are significantly different (P< 0.05).

(SAS Institute Inc., 2006). The 1-slope broken-line
model and 2-slope broken-line model were as follows:
Y = L−U∗(X−R) and Y = L–U1∗(R–X)–U2∗(X–R),
respectively, where Y = response index, X = dietary
FG concentration (mg/kg), R = breakpoint (maximum
limit), L = response at X = R, U = slope of curve. Data
are expressed as means and SEM. Probability values
greater than 0.05 were considered significant.

RESULTS

Growth Performance

The growth performance of ducks fed graded levels of
dietary FG is presented in Table 2. Dietary FG concen-
tration reduced (P < 0.01) BW and ADG in a linear
manner at 21, 28, and 35 d of age, except for ADG from
29 to 35 d of age. Ducks fed a diet of 153 mg FG/kg
had the lowest BW and ADG (P < 0.05) compared
with ducks fed the other 4 diets. ADFI presented an
increase and then a decrease (P < 0.01) with the in-
crease in dietary FG content during the periods from
15 to 21 d, 22 to 28 d, and 15 to 35 d. The feed-to-gain
ratio in each period and during the whole experiment
linearly increased (P < 0.01) with increases in dietary
FG concentration.

Blood Parameters

The blood parameters of ducks fed graded levels of di-
etary gossypol are presented in Table 3 and Table 4. As

dietary FG concentration increased, blood HGB, MCH,
and MCHC level linearly decreased (P < 0.05) at 35d of
age. Compared with ducks in the control group, blood
HGB concentration of ducks at 35d of age in both the
111 and 153 mg FG/kg diet groups showed a 5% de-
crease (P < 0.05). A linear increase (P < 0.05) was
observed in serum ALT activity, and a linear decrease
(P < 0.05) was observed for AST/ALT with an in-
creasing level of dietary CSM at 28 d of age. At
35 d, serum TP, ALB, and GLB linearly decreased
(P < 0.05); therefore, the ALB-to-GLB ratio linearly
increased (P < 0.01) with increasing levels of dietary
FG.

Hepatic Histopathology

The score of hepatic histopathology is presented in
Table 5, and the corresponding pictures from which
hepatic scores were based are shown in Figure 1.
The liver cells of birds fed control diets and diets of
36 mg FG/kg showed small amounts of lipid droplets in
the cytoplasm of hepatocytes, and all the liver sam-
ples had a normal histological structure at 21, 28, and
35 d; thus, the total score was 0. The total scores for
ducks fed a diet of 153 mg FG/kg on days 21, 28, and 35
were the highest; ducks fed a 111 mg FG/kg diet were
intermedium, followed by the scores of ducks fed diets
of 75 mg FG/kg. The length of gossypol intake had no
clear effects on total scores of hepatic histopathology
among ducks fed diets of 75 mg FG/kg, 111 mg FG/kg,
and 153 mg FG/kg.
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Table 3. Effects of gossypol from CSM on hematology of 15- to 35-d-old
ducks.1

Dietary FG level (mg/kg) P-value

Item 0 36 75 111 153 SEM ANOVA Linear

Red blood cell (RBC) count ×102/L
Day 21 2.11 2.10 2.18 2.10 2.06 0.06 0.73 0.62
Day 28 2.01 1.86 1.87 1.92 1.92 0.06 0.49 0.56
Day 35 2.01 2.07 2.11 2.05 1.98 0.04 0.18 0.55
Hemoglobin (HGB) (g/L)
Day 21 95.6 96.0 99.0 95.8 89.4 2.67 0.19 0.15
Day 28 156 144 143 143 147 4.24 0.19 0.18
Day 35 159a 160a 156ab 151b 151b 2.68 <0.05 <0.01
Hematocrit (HCT) (%)
Day 21 33.6 34.2 35.0 34.2 32.2 0.01 0.28 0.32
Day 28 30.7 28.6 28.8 29.0 29.4 0.94 0.55 0.48
Day 35 31.5 32.5 32.2 31.5 30.8 0.62 0.31 0.22
Mean corpuscular volume (MCV) (FL)
Day 21 159 163 162 163 156 14.6 0.20 0.57
Day 28 153 155 154 151 154 17.0 0.85 0.73
Day 35 156a 158a 153b 152b 156a 11.5 <0.01 0.12
Mean corpuscular hemoglobin (MCH) (pg)
Day 21 45.2 45.7 45.4 45.7 43.3 0.73 0.14 0.10
Day 28 77.8 77.4 76.0 75.1 76.8 1.10 0.57 0.27
Day 35 77.8a 77.5a 73.9b 73.6b 75.2ab 1.00 <0.01 <0.01
Mean corpuscular hemoglobin concentration (MCHC) (g/L)
Day 21 285 280 281 281 277 2.73 0.41 0.11
Day 28 508 502 495 497 500 6.64 0.73 0.36
Day 35 498 492 485 480 484 5.42 0.16 <0.05

1Means represent 10 replicates/treatment of 1 duck/replicate.
a,bMeans in the same row with different superscripts are significantly different

(P< 0.05).

Tissue Residues of Gossypol

The gossypol residue on tissues of ducks fed differ-
ent levels of FG is presented in Table 6. Concentra-
tions of gossypol in liver, kidney, heart, and muscle of
ducks at 35 d of age linearly increased (P < 0.001)
with increasing dietary gossypol levels. Liver had the
highest accumulation of gossypol. However, the gossy-
pol residues in the breast muscle of ducks fed diet
containing 153 mg/kg FG and 2,229 mg/kg TG was
17.84 mg/kg on day 35, which was higher than that
in the kidney, heart, and leg muscles. When the di-
etary FG and TG contents were respectively75mg/kg
and 1,096 mg/kg or even lower, the gossypol in the
breast muscle was undetectable. Similarly, when ducks
were fed a diet containing36 mg/kg FG and 593 mg/kg
TG, respectively, the gossypol in leg muscle was unde-
tectable. As the length of feeding diets containing gossy-
pol increased, the accumulation of gossypol in liver lin-
early increased (P < 0.001).

Maximum Limits of Dietary FG
Concentration in Duck from 15 to 35 d of
Age

The regression equation and maximum limits using 1-
slope and 2-slope broken-line analyses are presented in
Table 7, and the representative pictures of the broken-

line regression model are shown in Figure 2. Using a
1-slope broken-line analysis, the maximum limits for
dietary FG concentration in diet for ducks from 15 to
35d of age increased with the duck’s age. For exam-
ple, the maximum limits for dietary FG concentration
based on BW at 21, 28, and 35d were 97, 107, and
108 mg/kg, respectively. A 2-slope broken-line analysis
revealed that the maximum limit of dietary FG concen-
tration based on ADFI was higher than that based on
BW or ADG. On the other hand, the maximum limit
of dietary FG concentration based on growth perfor-
mance was higher than that based on HGB, TP, ALB,
GLB, or ALB:GLB. The maximum limit of the dietary
FG concentration was estimated to range from a low of
36 mg/kg to maximize serum globulin concentration to
a high of 124 mg/kg to minimize feed intake during the
period from 22 to 28 d using a quadratic broken-line
model.

DISCUSSION

Berardi and Goldblatt (1980) suggested that poor
growth, anorexia, and high mortality are symptoms in-
dicative of the toxic effect of gossypol. In the present
study, visible signs of gossypol toxicity, including dys-
pnea, anorexia, weakness, and sudden death, were not
observed in any of the ducks during the experimental
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Table 4. Effects of gossypol from CSM on serum biochemical profiles in
15- to 35-d-old ducks.1

Dietary FG level (mg/kg) P-value

Item 0 36 75 111 153 SEM ANOVA Linear

Alanine aminotransferase (ALT) (U/L)
Day 21 57.5 50.8 53.3 51.0 53.3 7.64 0.85 0.72
Day 28 41.8 45.8 46.3 45.5 54.7 3.80 0.22 <0.05
Day 35 40.8 45.6 39.4 44.5 47.5 3.81 0.44 0.31
Aspartate aminotransferase (AST) (U/L)
Day 21 75.2 69.0 69.8 79.5 64.6 19.6 0.74 0.45
Day 28 77.2 62.0 77.2 68.7 70.7 9.13 0.71 0.44
Day 35 70.6 74.1 56.4 60.3 63.7 6.33 0.09 0.41
Aspartateaminotransferase:Alanineaminotransferase (AST/ALT)
Day 21 1.34 1.32 1.28 1.58 1.34 0.17 0.29 0.65
Day 28 1.86 2.16 1.64 1.54 1.38 0.26 0.21 <0.05
Day 35 1.54 1.57 1.36 1.33 1.53 0.66 0.38 0.72
Total protein (TP) (g/L)
Day 21 29.3 29.4 32.1 29.4 29.3 2.41 0.28 0.99
Day 28 30.7 30.7 28.4 31.2 31.4 0.89 0.25 0.47
Day35 32.6a,b 34.7a 32.2a 30.0b 30.2b 1.06 <0.01 <0.05
Albumin (ALB) (g/L)
Day 21 13.8 15.4 16.3 15.4 15.1 2.30 0.08 0.70
Day 28 13.7 13.6 12.6 13.4 14.0 0.46 0.34 0.62
Day 35 14.4a,b 15.1a 14.2a,b 14.1b 13.5b 0.45 <0.05 <0.05
Globin (GLB) (g/L)
Day 21 15.5 14.0 15.4 14.4 13.9 0.62 0.13 0.18
Day 28 17.0 17.2 15.8 17.8 17.4 0.56 0.32 0.46
Day 35 18.9a 19.6a 18.0ab 16.9b 16.8b 0.68 <0.01 <0.05
Albumin:Globin (ALB/GLB)

Day 21 0.90a 1.12b 1.04b 1.09b 1.07b 0.15 <0.05 0.45
Day 28 0.80 0.82 0.80 0.78 0.80 0.03 0.95 0.71
Day 35 0.71a 0.71a 0.73a 0.79b 0.80b 0.02 <0.01 <0.01

1Means represent 10 replicates/treatment of 1 duck/replicate.
a,bMeans in the same row with different superscripts are significantly different

(P< 0.05).

period. The maximum limit of dietary FG concentra-
tion is 97 to 121 mg/kg based on the BW or ADG of
ducks from 15 to 35 d of age. This limit is lower than
that reported for broilers, which is estimated to be
around 200mg/kg (Adeyemo and Longe, 2007; Mush-
taq et al., 2008).These results indicate that meat ducks
are more sensitive to dietary FG than broilers. More-
over, the maximum limit of dietary FG level based
on ADG was 98 mg/kg on days 14 to 21, 109 mg/kg
on days 22 to 28, and 121 mg/kg on days 29 to 35.
This result indicates that the tolerance of duck to di-
etary FG concentration increased with increases in the
duck’s age. This is in line with those reports that men-
tioned that young birds are more sensitive to dietary FG
concentration (Lordelo et al., 2005; Nagalashmi et al.,
2007). However, in the present study, the ADFI had
two breakpoints. The first breakpoint may have been
caused by the formation of protein (lysine)–gossypol
complexes (Lyman et al., 1959), resulting in protein
or AA deficiencies in diets containing CSM (Korne-
gay et al., 1961). Moreover, CSM shows lower energy
utilization efficiency in comparison to SBM for meat
ducks. The second breakpoint was the toxic effect of
FG. This confirms what was reported earlier, i.e., that

reductions in BW gain and feed intake are common
signs of gossypol toxicosis (Henry et al., 2001; Blevins
et al., 2010).

In general, the cytotoxic activity of gossypol is as-
sociated with decreased hemoglobin concentration and
hematocrit; as a result, anemia develops (Berardi and
Goldblatt, 1980). In the present study, we found that
HGB, MCH, and MCHC in ducks 35d of age decreased
linearly with increases in dietary FG concentration, and
the maximum limit of dietary FG content on HGB was
43 mg/kg. The foregoing results were in line with those
of Adeyemo and Longe (2007), who found that RBC
count and HCT significantly decreased when broilers
were fed a diet containing 74 mg FG/kg. Gao et al.
(2011) reported that 14-d-old layer chickens fed di-
ets of 70 to 140 mg/kg FG had a lower RBC count,
HCT, and HGB in comparison to chicken fed the con-
trol diet without FG. Fang (2004) reported that laying
hens fed a diet with 200 mg FG/kg showed lower serum
Fe2+ concentration compared with the control group.
The same effects were observed in fish (Mbahinzireki
et al., 2001; Yue and Zhou, 2008). These reports sug-
gested that dietary gossypol reduced iron bioavailability
and its absorption for hemoglobin formation by binding
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Table 5. Effects of gossypol from CSM on histopathology of livers in 15- to
35-d-old ducks.1

Item Score 02 Score 12 Score 22 Score 32 Total score3

Day 21
Diet 1∗ (0 mgFG/kg) 5 0 0 0 0
Diet 2 (36 mgFG/kg) 5 0 0 0 0
Diet 3 (75 mgFG/kg) 4 0 1 0 0.5
Diet 4 (111 mgFG/kg) 2 2 1 0 0.8
Diet 5 (153 mgFG/kg) 3 0 0 2 1.2
Day 28
Diet 1 (0mgFG/kg) 5 0 0 0 0
Diet 2 (36 mgFG/kg) 5 0 0 0 0
Diet 3 (75 mgFG/kg) 4 1 0 0 0.2
Diet 4 (111 mgFG/kg) 3 1 1 0 0.6
Diet 5 (153 mgFG/kg) 2 2 1 0 0.8
Day 35
Diet 1 (0mgFG/kg) 5 0 0 0 0
Diet 2 (36 mgFG/kg) 5 0 0 0 0
Diet 3 (75 mgFG/kg) 4 0 1 0 0.4
Diet 4 (111 mgFG/kg) 3 1 1 0 0.6
Diet 5 (153 mgFG/kg) 2 1 2 0 1

1Means represent 5ducks/treatment with 3 slices of 1 duck.
2Score 0 = normal histological structure (A400); Score 1 =approximately 25%

liver cytoplasmic vacuolation and slight funicular hyperplasia of bile duct epithelium
were recognizable (B400); Score 2 =approximately 50% liver cytoplasmic vacuolation
and serious funicular hyperplasia of bile duct epithelium were observed (C400); Score
3 = almost 100% liver cytoplasmic vacuolation and much more massive hyperplasia
of bile duct epithelium were found (D400).

3Total score = (score 0×number of ducks + score 1× number of ducks + score
2×number of ducks +score3×number of ducks)/total number of ducks, for example,
at 21 d of age, total score of Diet 5=(0 × 3)+(1 × 0)+(2 × 0)+(3 × 2)]/5 = 1.2.

∗Diet 1 =control group, a basal diet; Diet 2 = 25% protein of SBM in basal diet
replaced by that of CSM; Diet 3 = 50% protein of SBM in basal diet replaced by that
of CSM; Diet 4 = 75% protein of SBM in basal diet replaced by that of CSM; Diet
5 = 100% protein of SBM in basal diet replaced by that of CSM.

Table 6. Residues of gossypol in tissues of 15- to 35-d-old ducks.1

Dietary FG level (mg/kg) P-value

Item 0 36 75 111 153 SEM ANOVA Linear

Day 35
Kidney ND1,a 6.60b 9.06c 12.97d 17.73e 0.58 <0.001 <0.001
Heart ND a 4.77b 6.99c 8.71d 11.11e 1.11 <0.001 <0.001

Leg muscle NDa NDa 4.31b 8.58c 11.53d 1.01 <0.001 <0.001
Breast muscle NDa NDa NDa 9.92 b 17.84c 0.86 <0.001 <0.001

Liver
Day 21 NDa 25.5b,A 37.2c,A 46.7d,A 58.8e,A 0.30 <0.001 <0.001
Day 28 NDa 25.3b,A 45.5c,B 59.3d,B 93.7e,B 1.13 <0.001 <0.001
Day 35 NDa 35.9b,B 53.8c,C 80.7d,C 101.8e,C 1.23 <0.001 <0.001

1Means represent 10 replicates/treatment of 1 duck/replicate.
a–eMeans in the same row with different superscripts are significantly different (P< 0.05).
A,B,CMeans in the same column with different superscripts are significantly different(P< 0.05).

dietary iron (Clawson et al., 1975; Herman and Smith,
1973).

In the present study, it was found that the maximum
limits of dietary FG content on TP, ALB, GLB, and
ALB:GLB were 37, 78, 36, and 52 mg/kg, respectively.
This is consistent with Adeyemo and Longe (2007), An-
war et al. (2008), and Sharma et al. (1966), who re-
ported that the serum total protein was reduced by
approximately 20% when animals were fed diets con-
taining CSM. Herman (1970) observed a severe reduc-
tion in plasma protein concentration in fish receiving as

little as 53 mg FG/kg. Serum protein was significantly
reduced at 900 mg/kg or higher gossypol from gossypol–
acetic acid in fish diets (Yildirim et al., 2003). The de-
crease in serum protein concentration may be an indica-
tion of protein synthesis and metabolism disturbance.
One reason for this may be the reduced protein di-
gestibility and retention resulting from the formation of
protein–gossypol complexes (Lyman et al., 1959). An-
other reason may be that the liver is the main target
organ of gossypol. Direct evidence of liver damage by
gossypol can be further identified by histopathological
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Table 7. Summary of maximum limit of dietary FG con-
tent for Pekin ducks from 15 to 35 d of age.

Maximum limit of dietary FG content1

Items Estimated value (mg/kg) R2

21 d BW (kg) 97 0.9995
28 d BW (kg) 107 0.9999
35 d BW (kg) 108 0.9996
15 to 21 d ADG (g) 98 0.9978
22 to 28 d ADG (g) 109 0.9971
29 to 35 d ADG (g) 121 0.9932
15 to 35 d ADG (g) 108 0.9993
15 to 21 d ADFI2 (g) 55 or 115 0.9993
22 to 28 d ADFI (g) 54 or 124 0.9991
15 to 35 d ADFI (g) 42 or 116 0.9990
35 d HGB3 (g/L) 43 0.9978
35 d TP3 (g/L) 37 0.9981
35 d ALB3(g/L) 77 0.9954
35 d GLB3 (g/L) 36 0.9998
35 d ALB/GLB 52 0.9997

1The maximum limit of dietary FG (lowest FG response) is
based on analyzed dietary FG (0, 36, 75, 111, and 153 mg/kg) to
achieve either the maximal or minimal response.

2Two-slope broken line is Y = L–U1∗(R–X)–U2∗(X–R), re-
spectively, where Y = response index, X = dietary FG concen-
tration (mg/kg), R= breakpoint (maximum limit), L = response
at X = R, U = slope of curve.

3HGB = hemoglobin; TP = serum total protein; ALB =serum
albumin; GLB = serum globin.

examination. Cytoplasmic vacuolation of hepatocytes,
a type of liver steatosis, and hyperplasia of bile duct
epithelium are typical syndromes of gossypol toxicity
(Henry et al., 2001). The present study showed that the

hepatic histopathological score according to cytoplas-
mic vacuolation and hyperplasia of bile duct epithelium
increased with increasing dietary FG, where ducks fed
153 mg FG/kg had the highest histopathological score.
Blevins et al. (2010) reported that lipidosis scores were
higher in chickens fed 1,000 mg purified gossypol/kg of
diet than those fed the control diet, which is indica-
tive of lipid storage and subsequent liver malfunction
(Plaa and Charbonneau, 2008). Ilyas et al. (2007) ob-
served liver fatty changes consisting of liver parenchyma
with an infiltrating aggregate of cells, newly formed bile
ducts in the parenchyma in the hepatocytes of chickens
fed diet containing 27% CSM, and yet damage to the
liver was more severe in chickens fed a diet containing
41% CSM.

This report is the first to show the gossypol residue
of tissue in meat ducks. It found that when ducks
from 15 to 35 d of age were fed diets with CSM (FG:
36 to 153 mg/kg, TG: 594 to 2,229 mg/kg) for 21 d,
the concentration of gossypol also linearly increased in
the liver, kidney, heart, and muscle with increasing di-
etary levels of FG. Gossypol was undetectable in breast
muscle of ducks fed diets containing 36 mg FG/kg and
75mg FG/kg, respectively, and in leg muscle of ducks
fed a diet containing 36 mg FG/kg. These results ac-
cord with those of Gamboa et al. (2001a and 2001b),
which found the tissue residue of gossypol in broil-
ers fed diets with CSM (FG: 92 to 504 mg/kg, TG:
2,626 to 4,085 mg/kg) for 21 d, increased linearly in

Figure 1. Morphology of duck livers from control and gossypol-containing groups from day 35. A400: control normal histological structure
(400×)(score =0); B400: approximately 25% liver cytoplasmic vacuolation and slight funicular hyperplasia of bile duct epithelium were recognizable
(400×)(score =1); C400: approximately 50% liver cytoplasmic vacuolation and serious funicular hyperplasia of bile duct epithelium were observed
(400×)(score =2); D400: 80 to 100% liver cytoplasmic vacuolation and much more massive hyperplasia of bile duct epithelium were found
(400×)(score =3).
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Figure 2. Quadratic broken-line analysis of BW (day 35)(A) and average daily feed intake (days 15 to 35)(B) with dietary FG concentration.
(A)A breakpoint in 35d BW occurred at 108 mg/kg of dietary FG concentration based on 1-slope broken-line model; equation: Y=2.5122 +
0.00312×(108–X); breakpoint (BP) = 108 mg/kg (if dietary FG concentration is less than BP, then X = 0; if dietary FG concentration is less
than BP, then X = dietary free gossypol concentration – BP. (B) Two breakpoints of ADFI (days 15 to 35) occurred at 42 and 116 mg/kg dietary
FG concentration based on 2-slope broken-line model; equation: Y = 175.7−0.1762×(42–X) – 0.2515×(X–116); BP = 42 or 116 mg/kg (if dietary
FG concentration is less than BP, then X = 0; if dietary FG concentration is greater than BP, then X= dietary FG concentration – BP.

plasma, liver, kidney, and muscle with increasing di-
etary levels of FG. Liver had the highest concentra-
tion of gossypol (71.4 to 313.6 mg/kg DM) followed
by kidney (9.2 to 36.3 mg/kg DM), and muscle (2.1 to
9.8 mg/kg DM). The maximum residue limits of FG in
food determined by the Food and Agriculture Organiza-
tion (FAO) and the US Food and Drug Administration
(FDA) were 600 mg/kg and 450 mg/kg, respectively.
In the present study, it was found that tissue gossy-
pol residue in duck organs was considerably lower than
the maximum residue limits set by the FAO and FDA.

There are still no reports that directly identify a defini-
tive amount of gossypol in food that presents a risk
to human health, and so this matter requires further
study.

In conclusion, the maximum limits of dietary FG con-
centration varied from 36 to 124 mg/kg, depending on
the parameter evaluated. Meat ducks from 15 to 35 d
of age fed diets containing 153 mg FG/kg (23.3% CSM
diet) presented poor performance, serious hepatic le-
sions, and high levels of gossypol residue in liver. The
CSM (5.83% CSM, 594 mg/kg TG, 36 mg/kg FG)-fed
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ducks performed well compared to the standard of
SBM-fed ducks.
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