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ABSTRACT An experiment was conducted to
investigate the effects of dietary riboflavin levels on
reproductive performance, riboflavin status, and anti-
oxidant status of laying duck breeders, to estimate the
requirement of this vitamin for duck breeders. Different
levels crystalline riboflavin (0, 2.5, 5, 10, and 15 mg/kg)
were supplemented to a corn–soybean–corn gluten meal
basal diet to produce 5 dietary treatments with
different analyzed total riboflavin levels (1.48, 3.20,
6.30, 11.71, and 16.83 mg/kg). A total of 80 White
Pekin duck breeders aged 40 wk were allotted to 5 di-
etary treatments of 16 birds each (8 replicates per
treatment and 2 breeders per replicate), and all birds
were raised individually for 9 wk. At the end of the
experiment, reproductive performance, tissue riboflavin
concentrations, and antioxidant status of White Pekin
duck breeders were measured. The results showed that
body weight, egg weight, egg production, and egg
fertility were not affected by dietary riboflavin levels.
However, among all of the laying duck breeders, the
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birds fed the basal diet without riboflavin supplemen-
tation had the lowest egg hatchability, plasma ribo-
flavin, egg yolk riboflavin, and egg albumen riboflavin
(P , 0.001). In addition, the duck breeders fed the
basal diet without riboflavin supplementation showed
the lowest antioxidant capacity indicated by greatest
plasma malondialdehyde (MDA) content and lowest
reduced glutathione content, total superoxide dismut-
ase (T-SOD) activities, and total antioxidant capacity
in both plasma (P , 0.001) and egg yolk (P , 0.001).
These results revealed that dietary riboflavin supple-
mentation improved the reproductive performance and
antioxidant status of the duck breeders. According to
the broken-line model, the riboflavin requirements
(based on dietary total riboflavin) of laying duck
breeders in terms of the egg hatchability, plasma ribo-
flavin, egg yolk riboflavin, egg albumen riboflavin,
plasma T-SOD activity, and plasma MDA content were
3.19, 7.42, 3.88, 7.44, 6.45, and 8.84 mg/kg,
respectively.
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INTRODUCTION

Riboflavin is an essential precursor of flavin mononu-
cleotide and flavin adenine dinucleotide, which serve as
coenzymes for numerous redox reactions in primary
metabolic pathways such as antioxidant system and en-
ergy metabolism (Powers, 2003; Lienhart et al., 2013).
It has been shown that riboflavin deficiency reduces
reproductive performance and riboflavin status in
laying hens and ducks (Naber and Squires, 1993;
Squires and Naber, 1993; Tang et al., 2019). In
particular, dietary riboflavin deficiency in laying hens
decreased hen weight, egg weight, egg production, and
egg hatchability, as well as riboflavin concentrations in
egg yolk and albumen to result in embryonic death
(Naber and Squires, 1993; Squires and Naber, 1993). In
addition, a strain of Leghorn chicken genetically unable
to deposit riboflavin in their eggs, lays riboflavin-
deficient eggs, and all of the embryos suddenly die at
mid-incubation (Maw, 1954; Abrams et al., 1995;
White III, 1996; Cogburn et al., 2018). Similarly, we
found that dietary riboflavin deficiency gradually
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Table 1. Composition of riboflavin-deficient basal diet (% as-fed
basis).

Ingredient Content

Corn 56.0
Corn gluten meal (44.3% CP) 10.0
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decreased egg hatchability to approximate zero and
markedly reduced riboflavin concentrations in plasma
and egg yolk in laying duck breeders (Tang et al.,
2019). The highmortality of riboflavin-deficient embryos
may be because of impaired energy generation processes,
leading to energy depletion and severe hypoglycemia
(White, 1996; Cogburn et al., 2018; Tang et al., 2019).
Riboflavin plays important roles in antioxidant system.

Glutathione reductase is flavin adenine dinucleotide–
dependent enzyme that catalyzes the reduction of gluta-
thione disulfide to reduced glutathione (GSH). It has
been well documented previously that riboflavin defi-
ciency decreased glutathione reductase activity and
GSH concentration, thereby leading to oxidative stress
in animals (Bamji, 1969; Bamji and Sharada, 1972;
Levin et al., 1990; Camporeale and Zempleni, 2003;
Manthey et al., 2005; Chen et al., 2015). Also, in our
previous study, dietary riboflavin deficiency decreased
antioxidant capacity in starter ducks (Tang et al., 2014).
However, it is still unclear whether dietary riboflavin
affects antioxidant status of laying duck breeders, which
requires further investigation.
Because no work has been reported on the riboflavin

requirement of laying duck breeders, the NRC (1994)
refers the reader to the requirement for starter ducks
from 1 to 2 wk of age (4.0 mg/kg). However, it has
been demonstrated that the riboflavin requirements
decrease with increasing age in both chicks and ducks
(Heuser et al., 1938; Tang et al., 2015). Hence, it is
unknown whether the riboflavin requirement of starter
ducks also applies to birds in the egg-laying period.
Therefore, the objectives of the present study were to
examine the effects of graded riboflavin levels on repro-
ductive performance, riboflavin status, and antioxidant
status of White Pekin duck breeders and to evaluate
the requirement of this vitamin for these birds.
Soybean meal (44% CP) 23.8
Limestone 7.00
Dicalcium phosphate 1.50
Vitamin and trace mineral premix1 1.00
DL-methionine 0.10
Sodium chloride 0.30
Lysine hydrochloride 0.30
Total 100
Calculated composition

Metabolizable energy2, kcal/kg 2,743
CP (%) 19.29
Calcium (%) 3.07
Non-phytate P (%) 0.35
Lysine (%) 1.04
Methionine (%) 0.46
Methionine 1 cysteine (%) 0.77
Threonine (%) 0.76
Tryptophan (%) 0.20
Arginine (%) 1.01
Riboflavin3, mg/kg 1.48

1Supplied per kilogram of total diet: Cu (CuSO4�5H2O), 10 mg;
Fe (FeSO4�7H2O), 60 mg; Zn (ZnO), 60 mg; Mn (MnSO4�H2O), 80 mg;
Se (NaSeO3), 0.3 mg; I (KI), 0.2 mg; choline chloride, 1,000 mg; vitamin
A (retinyl acetate), 10,000 IU; vitamin D3 (Cholcalciferol), 3,000 IU;
vitamin E (DL-a-tocopheryl acetate), 20 IU; vitamin K3 (menadione
sodium bisulfate), 2 mg; thiamin (thiamin mononitrate), 2 mg; pyridoxine
hydrochloride, 4 mg; cobalamin, 0.02 mg; calcium-D-pantothenate, 20 mg;
nicotinic acid, 50 mg; folic acid, 1 mg; biotin, 0.2 mg.

2The values are calculated according to the AME of ducks (Ministry of
Agriculture of China, 2012).

3The value was analyzed by high performance liquid chromatography.
MATERIALS AND METHODS

All experimental procedures of the present study were
approved by the animal care and use committee of Insti-
tute of Animal Sciences, Chinese Academy of Agricultural
Sciences, andperformed according to the guidelines for an-
imal experiments established by the National Institute of
Animal Health.

Birds and Housing

A dose-response experiment with 5 dietary riboflavin
levels (1.48, 3.20, 6.30, 11.71, and 16.83 mg/kg) was con-
ducted to investigate the effects of riboflavin on repro-
ductive performance, riboflavin status, and antioxidant
status of laying duck breeders. A total of 80 female
White Pekin duck breeders (Anas platyrhynchos) aged
40 wk were obtained from the Pekin duck breeding cen-
ter (Chinese Academy of Agricultural Sciences) and
were divided into 5 treatment groups with 8 replicates,
received 5 experimental diets for 9 wk. All the laying
duck breeders were individually placed in plastic cages
(1.00 m length ! 0.80 m deep ! 0.60 m height).
Meanwhile, 16 male ducks of the same age with females
were used to mate with female ducks during the experi-
mental period. Every 5 consecutive cages composed one
batch and, there were 16 batches in total. In each batch,
the male duck was placed with the female duck breeder
fed the experimental diets with 15 mg/kg riboflavin sup-
plementation on the first day and was moved to the
female fed the basal diet without riboflavin supplemen-
tation on the second day at 08:00 h and was moved to
the females fed the diets with 10, 2.5, 5 mg/kg riboflavin
supplementation on the third, fourth, and fifth day at
08:00 h, respectively. The same steps were repeated dur-
ing the experimental period, where all of the female duck
breeders were naturally inseminated on each of 5 D. In
each group, 2 birds from 2 batches are considered to be
one replicate. All the ducks received ad libitum access
to water and feed. Eighteen hours of light were provided
daily from 04:00 to 22:00 h.
Experimental Diets

All the female ducks were raised with common diets
from hatch to 40 wk of age, and all nutrients met the rec-
ommendations for ducks as established in the Nutrient
Requirements of Meat-type Ducks of China (2012). Dur-
ing the experimental period (from 40–49 wk of age), a
riboflavin-deficient basal diet containing 1.48 mg free
riboflavin/kg of diet was formulated (Table 1). The
vitamin mixture was free of riboflavin. Except the
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riboflavin content of the basal experimental diet, all nu-
trients met the recommendations for laying duck
breeders by Ministry of Agriculture of China (2012).
To produce 5 experimental diets, the basal diet was pre-
pared as mash and then supplemented with 0, 2.5, 5, 10,
and 15 mg crystalline riboflavin/kg diet, respectively.
The riboflavin content of all experimental diets was
analyzed by high performance liquid chromatography
(HPLC). The analyzed values of 5 experimental diets
were 1.48, 3.20, 6.30, 11.71, and 16.83 mg riboflavin/kg,
respectively. All of the diets were cold-pelleted at room
temperature. The crystalline riboflavin (purity, 99%)
was obtained from Sigma Aldrich (St. Louis, MO).
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Figure 1. Effects of dietary riboflavin levels on egg fertility and
hatchability of laying duck breeders. (A) Egg fertility (P . 0.05,
n 5 8 per group, error bars 5 SEM). (B) Egg hatchability (P , 0.001,
n 5 8 per group, error bars 5 SEM). Bars with different letters (a, b)
differ significantly.
Productivity and Reproductive
Performance

All laying duck breeders were weighed at the begin-
ning and end of the experiment. During the experimental
period, all eggs were collected and weighed daily on a
replicate basis and stored at 16�C under relative humid-
ity of 75%. Egg production and egg weight were calcu-
lated daily on a replicate basis and then expressed as
averages for the 9-wk period from 40 to 49 wk of age.
During the first, fourth, seventh, and ninth wks of exper-
iment, 10 eggs from each replicate were selected and
incubated in a commercial incubator (Yiai 12,096, Qing-
dao, China). The temperature was controlled at 37.8�C,
37.6�C, and 37.5�C during Days 1 to 14, 15 to 21, and 22
to 26 of incubation at 60% humidity. At day 5 of incuba-
tion, we candled the eggs to determine their fertility
(expressed as the percentage of fertile eggs relative to
incubated eggs). At day 26 of incubation, the eggs
were transferred to a hatcher at 36.5�C and with humid-
ity of 70%. At day 28 of incubation, the eggs that failed
to hatch and the hatched ducklings were recorded. The
hatchability of fertile eggs was calculated as percentage
of hatched ducklings relative to the fertile eggs. Egg
fertility and hatchability were calculated on a replicate
basis.
Sample Preparation and Data Collection

On the last day of the experiment (at 49 wk of age),
blood samples from all the breeders were collected via
a wing vein into heparin sodium-anticoagulant tubes
and centrifuged at 1,520 ! g for 15 min to obtain
plasma. Plasma samples were stored at 220�C until
Table 2. Effects of dietary riboflavin levels on body weight

Dietary riboflavin (mg/kg) Initial body weight (kg) Final

1.48 3.33
3.20 3.37
6.30 3.31
11.71 3.26
16.83 3.34
SEM 0.027
P-value 0.879

1Results are means with n 5 8 per group.
subsequent analysis. On the last day of the experiment,
one egg from each replicate was broken to collect yolk
and albumen samples, which were then stored at
220�C until further analysis.
At the end of the experiment, the male ducks were

continuously raised for 5 D, received different experi-
mental diets containing 16.83, 1.48, 11.71, 3.20, and
6.30 mg riboflavin/kg each day, respectively. Before
changing experimental diets for male ducks, blood sam-
ples were collected every day at 08:00 h to obtain plasma.
Plasma riboflavin contents of male ducks were deter-
mined, and no significant difference was found when the
birds fed the different experimental diets for 1 D.
Measurements

The riboflavin concentrations in feed, plasma, egg
yolk, and egg albumen were determined by reversed-
phase HPLC according to the methods described previ-
ously (Tang et al., 2013). Before HPLC analysis, feed
and reproductive performance of laying duck breeders1.

body weight (kg) Egg weight (g) Egg production (%)

3.45 92.9 83.0
3.55 94.6 84.4
3.39 93.6 82.3
3.46 92.7 83.5
3.45 92.9 82.9
0.04 0.35 0.76
0.700 0.570 0.963



Table 3. Effects of dietary riboflavin levels on the riboflavin concentrations in plasma, egg yolk, and egg albumen of
laying duck breeders1.

Dietary riboflavin (mg/kg) Plasma riboflavin (mmol/L) Egg yolk riboflavin (mg/g) Egg albumen riboflavin (mg/g)

1.48 1.06d 6.96c 0.017d

3.20 2.85c 15.2b 0.043c

6.30 3.56b 17.7a 0.056b

11.71 4.31a 19.1a 0.072a

16.83 4.31a 18.4a 0.070a

SEM 0.17 0.58 0.003
P-value ,0.001 ,0.001 ,0.001

a-dMeans with different superscripts within the same column differ significantly (P , 0.05).
1Results are means with n 5 8 per group.

RESEARCH NOTE 1567
and plasma samples were prepared according to the
method described previously (Britton et al., 2003;
Petteys and Frank, 2011), whereas egg yolk and egg
albumen samples were prepared according to the
method for animal tissue described previously (Batey
and Eckhert, 1990). The peak of riboflavin was identified
and quantified by analysis of authentic standard (Sigma
Aldrich).
The malondialdehyde (MDA) and GSH contents and

the total superoxide dismutase (T-SOD) and total anti-
oxidant capacity (T-AOC) activities in plasma and egg
yolk were measured using colorimetric methods with
commercial kits (Nanjing Jiancheng Institute of Bioengi-
neering, Nanjing, Jiangsu, China). These parameters
were expressed as units per milliliter for plasma and
units per milligram of protein for egg yolk. The egg
yolk homogenate was assayed for contents of protein.
One unit of T-SOD activity (U) was defined as the
amount of enzyme needed to exhibit 50% dismutation
of the superoxide radical. One unit of T-AOC activity
(U) was defined as the amount of enzyme per 1 mL
plasma or per 1 mg egg yolk protein that would increase
the absorbance by 0.01 at 37�C in 1 min.
Statistical Analysis

Eight replicates were used as the experimental units.
Data were analyzed by the one-way ANOVA procedure
of SAS software (SAS Institute, 2011). The variability in
the data was expressed as SEM. A probability level of
P , 0.05 was considered to be statistically significant.
The broken-line regression analysis (Robbins et al.,
2006) was used to estimate the riboflavin requirements
Table 4. Effects of dietary riboflavin levels on plasm

Dietary riboflavin (mg/kg) MDA (nmoL/mL) G

1.48 6.73a

3.20 5.37b

6.30 4.90b,c

11.71 4.38c

16.83 4.08c

SEM 0.19
P-value ,0.001

a-cMeans with different superscripts within the same
Abbreviations: MDA, malondialdehyde; GSH, reduc

T-AOC, total antioxidant capacity.
1Results are means with n 5 8 per group.
for ducks. The broken-line model was provided as
follows:

y5 l1uðr2 xÞ
where, y5 egg hatchability, riboflavin status (plasma ribo-
flavin, egg yolk riboflavin, or egg albumen riboflavin),
plasma T-SOD, or plasma MDA, x 5 dietary total ribo-
flavin level (mg/kg), r 5 riboflavin requirement, l 5 the
response at x5 r, u5 the slope of the curve. In this model,
y 5 l when x . r.
RESULTS AND DISCUSSION

Reproductive Performance

In the present study, dietary riboflavin levels did not
affect the final body weight of the laying duck breeders,
the overall period of egg weight and egg production
(P . 0.05, Table 2), and egg fertility in the first, fourth,
seventh, and ninth wks of the experiment (P . 0.05,
Figure 1A), thereby confirming our previously findings
(Tang et al., 2019). These results are also in line with
previous findings in laying hens, showing that egg pro-
duction did not change in laying hens fed a basal diet
without riboflavin supplementation for 8 wk, although
the egg production, hen weight, and egg weight were
all decreased thereafter or at 27 wk (Squires and
Naber, 1993). Previous studies showed that egg hatch-
ability decreased to 5% in laying hens fed a riboflavin
deficient diet for 3 wk (Naber and Squires, 1993;
Squires and Naber, 1993), and egg hatchability was
dropped to approximately zero at 6 wk in riboflavin-
deficient laying duck breeders (Tang et al., 2019). In
a antioxidant status of laying duck breeders1.

SH (mg/L) T-SOD (U/mL) T-AOC (U/mL)

19.6c 39.1c 10.3c

24.4b,c 54.2b 12.4b

25.1b 58.8a,b 14.1b

32.4a 61.7a 16.5a

34.9a 62.5a 16.8a

0.20 1.54 0.48
,0.001 ,0.001 ,0.001

column differ significantly (P , 0.05).
ed glutathione; T-SOD, total superoxide dismutase;



Table 5. Effects of dietary riboflavin levels on egg yolk antioxidant status of laying duck breeders1.

Dietary riboflavin (mg/kg) MDA (nmol/mgprot) GSH (mg/gprot) T-SOD (U/mgprot) T-AOC (U/mgprot)

1.48 2.61a 4.01c 5.42c 0.27c

3.20 2.11b 4.87b 7.32b 0.30b,c

6.30 1.59c 5.10b 9.65a 0.44b

11.71 1.44c 6.22a 11.1a 0.58a

16.83 1.30c 6.63a 11.1a 0.58a

SEM 0.10 0.17 0.40 0.025
P-value ,0.001 ,0.001 ,0.001 ,0.001

a-cMeans with different superscripts within the same column differ significantly (P , 0.05).
Abbreviations: MDA, malondialdehyde; GSH, reduced glutathione; T-SOD, total superoxide dismutase; T-AOC, total

antioxidant capacity.
1Results are means with n 5 8 per group.
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the present study, among all of the laying duck breeders,
the birds fed the basal diet without riboflavin supple-
mentation had the lowest egg hatchability (11.1%) at
9 wk (P , 0.001, Figure 1B). This criterion increased
as dietary riboflavin increased, reached a plateau when
dietary riboflavin was above 3.20 mg/kg (Figure 1B).
These results are consistent with previous observations
in laying hens (Naber and Squires, 1993; Squires and
Naber, 1993) and duck breeders (Tang et al., 2019).
The low egg hatchability induced by riboflavin defi-
ciency in laying duck breeders may be associated with
impaired energy generation processes because a number
of proteins involved in fatty acid beta oxidation, electron
transport chain, and tricarboxylic acid cycle were down-
regulated in the liver of riboflavin-deficient embryos
(Tang et al., 2019).

The broken-line regression has been employed exten-
sively to evaluate the riboflavin requirements of broilers
(Ruiz and Harms, 1988; Chung and Baker, 1990) and
ducks (Hegsted and Perry, 1948; Tang et al., 2013,
2014, 2015). Therefore, this regression was also used to
estimate riboflavin requirements of laying duck
breeders in the present study. According to this
regression, the riboflavin requirement of laying duck
breeders for egg hatchability was 3.19 mg riboflavin/kg
diet (y 5 84.80–43.10 ! [3.19-x], x � 3.19, P , 0.001,
R2 5 0.934), which is close to the value provided by
NRC (1994) (4.0 mg/kg).
Riboflavin Status

Tissue riboflavin is considered to be a useful biomarker
for riboflavin status in animals. Previous studies have
shown that riboflavin concentrations in the plasma,
egg yolk, and egg albumen were markedly diminished
in riboflavin deficient laying hens and duck breeders
(Naber and Squires, 1993; Squires and Naber, 1993;
Tang et al., 2019). In agreement with these previous
studies, among all of the laying duck breeders, the
birds fed the basal diet with no supplementation of
riboflavin showed the lowest riboflavin concentrations
in plasma, egg yolk, and egg albumen in the present
study (P , 0.001, Table 3). All these parameters
increased as dietary riboflavin increased (Table 3).
Plasma riboflavin, egg yolk riboflavin, and egg albumen
riboflavin reached a plateau when dietary riboflavin was
above 11.71, 6.30, and 11.71 mg/kg, respectively
(Table 3). These results indicated that plasma riboflavin
and egg albumen riboflavin levels exhibited stronger
responses to dietary riboflavin than egg yolk riboflavin
in laying duck breeders. Previous studies also indicated
that riboflavin in egg albumen depleted more rapidly
than that in egg yolk in hens fed riboflavin-deficient diets
(Squires and Naber, 1993). This phenomenon can be
explained by the shorter albumen secretion process
compared with the long follicle maturation process,
where albumen secretion takes only place when the
yolk is present in the magnum of the oviduct (Salamon
and Kent, 2013).
Notably, the dramatically decreased egg hatchability

in laying duck breeders fed the basal diet without ribo-
flavin supplementation was because of the markedly
reduced riboflavin concentrations in the egg yolk and
egg albumen, which is in line with the previous results
in laying hens and duck breeders (Naber and Squires,
1993; Squires and Naber, 1993; Tang et al., 2019).
Similar to the previous studies in starter and growing

ducks (Tang et al., 2013, 2014, 2015), tissue riboflavin
concentrations increased with increasing riboflavin levels
in the diets. Therefore, tissue riboflavin concentrations
were used to estimate riboflavin requirements of laying
duck breeders. According to the broken-line analysis, the
riboflavin requirements of laying duck breeders for plasma
riboflavin, egg yolk riboflavin, and egg albumen riboflavin
were 7.42, 3.88, and 7.44 mg riboflavin/kg diet, respec-
tively (plasma riboflavin: y 5 4.32–0.50 ! [7.42-x],
x � 7.42, P , 0.001, R2 5 0.743; egg yolk riboflavin:
y 5 18.43–4.77 ! [3.88-x], x � 3.88, P , 0.001, R2 5
0.758; egg albumen riboflavin: y 5 0.071–0.0086 !
[7.44-x], x � 7.44, P, 0.001, R2 5 0.762). The riboflavin
requirements estimated for tissue saturation were much
greater than that for egg hatchability (3.19mg/kg), which
is consistent with our previous findings in starter or
growing ducks where we found that the riboflavin require-
ments for tissue riboflavin concentrations were greater
than those for growth performance (Tang et al., 2013,
2014, 2015). To our best knowledge, this is the first
study to estimate the riboflavin requirement of laying
duck breeders. Because no work has been reported on
the riboflavin requirement of laying duck breeders, the
NRC (1994) refers the reader to the requirement for
starter ducks aged from 1 to 2 wk (4.0 mg/kg). The
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riboflavin requirements for plasma riboflavin and egg
albumen riboflavin estimated by this study (7.42 and
7.44 mg/kg) were much greater than the NRC (1994)
recommendation for laying duck breeders (4.0 mg/kg).
Antioxidant Status

It has been reported that riboflavin deficiency can
cause oxidative damage in rats (Levin et al., 1990), fish
(Chen et al., 2015), and ducks (Tang et al., 2014). Simi-
larly, among all of the laying duck breeders, we found
that the birds fed the basal diet with no supplementation
of riboflavin had the greatest MDA content as well as the
lowest GSH content and T-SOD and T-AOC activities in
both plasma and egg yolk in the present study (P, 0.01,
Table 4; P, 0.01, Table 5). These results indicated that
riboflavin deficiency could cause oxidative stress in laying
duck breeders, which is consistent with previous studies
(Levin et al., 1990; Tang et al., 2014; Chen et al., 2015).
Riboflavin deficiency decreased glutathione reductase
activity (Bamji, 1969; Bamji and Sharada, 1972; Levin
et al., 1990) and GSH concentration (Camporeale and
Zempleni, 2003; Manthey et al., 2005), thereby
increasing the lipid peroxidation products in tissues
(Levin et al., 1990). This explanation is supported by
the markedly reduced GSH concentration found in
riboflavin-deficient duck breeders in the present study.
These effects could be another cause of embryonic death
and the reduced egg hatchability induced by maternal
riboflavin deficiency. According to the broken-line anal-
ysis, the riboflavin requirements of laying duck breeders
for plasma T-SOD activity and MDA content were 6.45
and 8.84 mg riboflavin/kg diet, respectively (plasma T-
SOD: y 5 62.19–4.08 ! [6.45-x], x � 6.45, P , 0.001,
R2 5 0.625; plasma MDA: y 5 4.08 1 0.20 ! [8.84-x],
x � 8.84, P , 0.001, R2 5 0.389), which were close to
the values estimated for plasma riboflavin and egg
albumen riboflavin in this study (7.42 and 7.44 mg/kg).
In conclusion, among all of the laying duck breeders,

the birds fed the basal diet without riboflavin supple-
mentation had the lowest the egg hatchability and ribo-
flavin concentrations in plasma, egg yolk, and egg
albumen. Meanwhile, these birds also had the lowest
antioxidant capacity in both plasma and egg yolk, indi-
cated by greatest plasma MDA content and lowest GSH
content, T-SOD, and T-AOC activities. Fortunately, all
these ill effects can be avoided by riboflavin supplemen-
tation. According to the broken-line model, the ribo-
flavin requirements of laying duck breeders for egg
hatchability, plasma riboflavin, egg yolk riboflavin, egg
albumen riboflavin, plasma T-SOD activity, and plasma
MDA content were 3.19, 7.42, 3.88, 7.44, 6.45, and
8.84 mg/kg, respectively.
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