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Abstract

In order to investigate the effect of dietary Zn levels on laying performance, eggshell quality, and eggshell microstructure in
Muscovy duck breeders under furnished cages. Firstly, the effects of age (35 weeks vs 40 weeks) and rearing system (littered floor
vs furnished cage) on eggshell quality of laying duck breeders were studied (Exp. 1). Then, a total of 324 30-week-old Muscovy
duck breeders were allotted into 3 dietary Zn groups with 6 replicates (18 ducks per replicate), including 0 mg Zn/kg (control-Zn
group, C-Zn), 40 mg Zn/kg (normal-Zn group, N-Zn), and 140 mg Zn/kg (high-Zn group, H-Zn). The experimental period for 6
weeks was divided into 3 periods of 30-32, 32-34, and 34-36 weeks of age (Exp. 2). In Exp. 1, duck breeder eggs in the
furnished cage system had lower the average shell thickness than birds in the littered floor system at 40 weeks of age (P < 0.05),
not at 35 weeks of age. In Exp. 2, N-Zn and H-Zn groups had greater egg weight, egg production, and egg to feed ratio of duck
breeders than C-Zn group (P < 0.05). Additionally, H-Zn group had higher laying rate, qualified egg ratio, and Haugh unit as well
as lower mammillary cone width than C-Zn group (P < 0.05), with no differences between C-Zn and N-Zn groups (P > 0.05).
Diet supplemented with 140 mg Zn/kg increased shell thickness and palisade layer thickness of duck breeders at 36 weeks of age
(P < 0.05), but not at 32 and 34 weeks of age. In conclusion, diets with 40 or 140 mg Zn/kg improved egg production
performance and egg quality of laying duck breeders during 30-36 weeks of age in a furnished cage system. Dietary supple-
mentation of 140 mg Zn/kg level increased the ultrastructural palisade layer thickness contributing to greater eggshell thickness
of duck breeders at 36 weeks of age.
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Introduction being gradually shifted from the non-caged system to the
caged system to ensure the better health status and maximal
With the development of duck industry the traditional free-  economic benefit in China. However one major issue was the

range rearing system resulted in the low nutrient efficiency  fact that the caged system provided a restricted physical and
high incidence of diseases and severe water pollution of wast-  psychological space and prevented birds from performing nat-
age in duck production [1, 2]. The duck housing system is  ural behaviors compared with the non-caged system [3].
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Moreover the caged system exerted some negative effects on
the productivity of laying birds due to limited movement such
as poor bone strength [4] and egg quality [5, 6]. Poor eggshell
quality characteristics could reduce the shelf life and safety of
eggs and egg products [7]. For example the decreased eggshell
thickness could increase the risk of the bacterial contamina-
tion in hatching eggs [8] and then impair hatchability perfor-
mance of laying breeders [9]. However there is limited sys-
tematic information available on eggshell quality of duck
breeders in alternative furnished cage system. Some re-
searchers have proposed that the effects of different housing
systems on eggshell quality were also dependent on the layer
age [10, 11]. Therefore we firstly investigated the effects of
bird age and rearing system (floor pen vs furnished cage) on
eggshell quality of laying duck breeders

Zinc (Zn) as a component of carbonic anhydrase (CA) en-
zyme plays a role in eggshell formation [11, 12]. Many studies
have showed that dietary Zn supplementation enhanced egg-
shell quality by increasing eggshell thickness and strength of
hen layers and duck layers [13, 14]. Dietary Zn requirement
recommendations for Peking duck breeders in NRC (1994)
[15] and Muscovy duck breeders in INRA (1989) [16] were
sourced from the data based on the non-caged systems.
However, caged system that allows less movement of birds
could influence feed intake and energy expenditure of birds
[17]. Thus, nutrient requirements should be modified as with
the changes of physical activity and energy intake of birds
under the different housing systems [6]. So far, there has been
little research on dietary Zn nutrition for improving eggshell
quality of duck breeders reared in furnished cage system.
Therefore, the effects of dietary Zn levels on laying perfor-
mance, egg quality, and eggshell microstructure were investi-
gated in Muscovy duck breeders under furnished cages in the
present study.

Materials and Methods
Animals and Diets

All procedures of our experiments were approved by ani-
mal care and welfare committee institute of South China
Agricultural University. Firstly, the eggshell quality of lay-
ing Muscovy duck breeders reared in two rearing technol-
ogies, a cage-free system and a furnished cage system, was
compared (Exp. 1). Sixty Muscovy ducklings were select-
ed and housed in the plastic floor system (from 0 to 12
weeks of age) and caged-free littered system (from 13 to
27 weeks of age) at the early laying period. After that, sixty
laying duck breeders were divided into two groups
consisting of thirty birds, which were placed into littered
floor system (LF) and furnished cage system (FC), respec-
tively. The littered system had an indoor and outside dirt
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lot, which both had perches (15 cm? of area per duck) and
nest box (4 ducks per nest). The floor in the indoor area
was covered with wood shavings as a litter material. The
outside area without grass or forage had a shelter and was
enclosed by wire fences to keep out predators. A total of
seven and eight ducks per square meter were provided in
the indoor and outside areas, respectively. The furnished
cage met the requirement of the EU Directive 1999/74/EC.
The furnished cage units were made of a wire mesh floor,
galvanized metal partitions between the cages, and full-
opening fronts at each long side of the cages consisting
of spaced horizontal bars. All laying duck breeders’ ducks
were fed restrictively with a commercial feed at the same
nutritional level (11.82 MJ ME/kg, 180 g CP/kg, 8.0 g
lysine/kg, 7.2 g methionine + cysteine/kg, 33.0 g Ca/kg,
3.8 g available P/kg). Water was available ad libitum. The
droppings were automatically removed on manure belts.
The 20 eggs were collected from the laying birds between
at the end of 35 and 40 weeks of age, respectively. A total
of 40 eggs from each rearing system were analyzed for
eggshell quality. In Exp. 2, a total of 370 26-week-old
Muscovy duck breeders obtained from a commercial duck
breeder farm (WENS Group, Yunfu, Guangdong) were
housed in furnished cages for 4 weeks of an adaptation
period. During the early laying period, all ducks were fed
restrictively with a commercial feed at the nutritional level
(11.32 MJ ME/kg, 180 g CP/kg, 7.0 g lysine/kg, 7.2 g
methionine + cysteine/kg, 24.0 g Ca/kg, 3.8 g available
P/kg, 40 mg Zn/kg). Water was provided ad libitum. At
30 weeks of age, 324 laying duck breeders were selected,
balanced for laying rate, and then randomly allotted into 3
dietary Zn groups with 6 replicates (18 ducks per repli-
cate). The experimental diets included base diet without
Zn supplementation (control-Zn group, C-Zn), basal diet
+ 40 mg Zn/kg (normal-Zn group, N-Zn), and basal diet
+ 140 mg Zn/kg (high-Zn group, H-Zn) as ZnSO,4.7H,0
source. The basal diet was formulated to meet or exceed
the nutritional requirements of laying duck breeders except
Zn. The composition and nutrient level of the basal diet
were shown in Table 1. The analyzed values of Zn contents
in C-Zn, N-Zn, and H-Zn diets were 29.2, 63.4, and 163.4
mg/kg, respectively. The experimental period lasting for 6
weeks was divided into 3 periods of 30-32, 32-34, and
34-36 weeks of age. All ducks had diets restrictively and
access to water ad libitum according to the operation man-
ual and guideline of Muscovy duck breeders. The ducks
received 16 h of daily lighting from 04:30 am to 20:30 pm.
Room temperature and humidity were controlled by the air
conditioner and recorded daily. Manure was removed
through an automatic belt system daily. All eggs were col-
lected from each replicate daily and egg production (num-
ber of total laid eggs, defective eggs, and average qualified
egg weight) were recorded daily. Feed consumption and
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Table 1 Composition and nutrient levels of the basal diets for laying
duck breeders during 30-36 weeks of age (as-fed basis)

Item (%) Laying period
Com 51.67
Soybean meal 17.70
Cormn gluten meal 7.75
Wheat middlings 8.97
Lard 1.84
Dicalcium phosphate 1.80
Limestone 8.50
Sodium chloride 0.30
DL-Methionine 0.27
L-lysine-HC1 0.20
Vitamin and mineral premix’ 1.00
Total 100.00
Nutrient composition

Calculated value (%)

ME, Ml/kg 11.63
Crude protein 18.51
Calcium 3.70
Total phosphate 0.60
Non-phytin phosphorus 0.44
Lysine 091
Methionine 0.57
Methionine + cysteine 0.84
Zinc® 29.2

UProvided per kilogram of diet without Zn addition: vitamin A, 5000 IU;
vitamin D5, 800 [U; vitamin E, 20 IU; thiamine, 2.0 mg; riboflavin, 15
mg; pyridoxine, 4.0 mg; vitamin B,,, 0.02 mg; calcium pantothenate, 10
mg; folate, 0.15 mg; niacin, 60 mg; biotin, 0.20 mg; choline ( choline
chloride), 1500 mg; Cu (CuSO4 5H,0), 8 mg; Fe (FeSO4 7H,0), 80 mg;
Mn (MnSO,4-H,0), 100 mg; Se (NaSeOs), 0.3 mg; I (KI), 0.4 mg

2 Analyzed values based on triplicate determinations

egg weight were measured weekly. Feed intake was calcu-
lated by dividing total feed consumed by numbers of ducks
per replicate per day. Four eggs based on the average egg
weight each replicate were collected at the last day of each
period for the measurements of egg quality and eggshell
microstructure.

Sample Analyses

The Zn concentrations in diets were measured using atomic
absorption spectrophotometry (model Shimadzu AA-6800,
Tokyo, Japan). At the end of 32, 34, and 36 weeks of age,
four eggs per replicate were used to measure the related indi-
ces of egg quality. The color of the yolk and albumen height
from the collected eggs were determined using an egg
multitester (model EMT-5200, Touhoku Rhythm Ltd.,
Tokyo, Japan). Haugh unit was calculated based on egg
weight and albumen height (Haugh, 1937). Shell strength

was determined with an Egg Force Reader (model EFR-01,
Orka, Ramat HaSharon, Israel). Eggshell was separated from
albumen and yolk, washed to remove residual albumen, and
cleaned by a paper towel and then weighed. Eggshell thick-
ness was measured without inner and outer shell membranes
at the blunt end (bottom), sharp end (top), and middle using a
peacock dial pipe gauge (model P-1, Ozaki MFG Ltd., Tokyo,
Japan). Shell thickness was calculated as the average thick-
ness at the three points of eggshell. Eggshell microstructures
were measured by scanning electron microscopy as described
by Berwanger et al. (2018) [17]. Average values of the mam-
millary cone width and the thickness of mammillary layer,
palisade layer, and eggshell membrane were estimated from
3 measurements (1m) in each photograph.

Statistical Analysis

Data were analyzed by 2-way ANOVA using the PROC GLM
procedure of the SAS 9.2 (SAS Inst. Inc., Cary, NC). The
models included rearing system and age, and their interactions
for Exp. 1, as well as dietary Zn, period, and their interactions
for Exp. 2. The replicate served as the experimental unit.
Differences among means were tested by the LSD method,
and statistical significance was set at P < 0.05.

Results
Eggshell Quality

Shell weight, shell strength, and shell thickness were affected
by age (P < 0.01), not by rearing system (P > 0.05). The eggs
from laying duck breeders at 40 weeks of age had higher shell
weight and weaker shell strength and thickness than those
from birds at 35 weeks of age. The interaction between age
and system affected the average shell thickness (P = 0.05) and
had no effect on other measured indices (P > 0.05). The rear-
ing system did not influence the average shell thickness of
duck breeder eggs at 35 weeks of age, whereas FC system
had a lower average shell thickness of duck breeder eggs at
40 weeks of age compared with the LF system (Table 2).

Egg Production Performance

Egg weight, laying rate, egg production, egg to feed ratio, and
qualified eggs ratio were affected by age (P < 0.0001) and
dietary Zn (P < 0.05), not by their interaction (P > 0.13).
Egg weight, laying rate, egg production, egg to feed ratio,
and qualified eggs ratio were increased as age and dietary
Zn level increased (P < 0.04). Egg weight, laying rate, egg
production, egg to feed ratio, and qualified eggs ratio of duck
breeders during 32-34 weeks and 34-36 weeks of age were
greater than birds during 30-32 weeks of age (P < 0.0001),
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Table 2  Effects of age and rearing system on eggshell quality of laying duck breeders at 35 and 40 weeks of age
Age (week) System Shell weight (g/egg) Shell strength (kg/N) Shell thickness (cm)
Top Middle Bottom Average
35! LS 9.51 5.77 0.423 0.427 0418 0.423%
FC 9.31 6.19 0421 0.431 0.42 0.424°
40! LS 10.43 4.37 0.347 0.367 0.359 0.358°
FC 11.28 4.15 0.315 0.336 0.329 0.329°
SEM 0.29 0.31 0.01 0.01 0.01 0.008
System? LS 9.97 5.07 0.39 0.397 0.389 0.391
FC 10.30 5.17 0.37 0.384 0.375 0.377
SEM 0.27 0.25 0.01 0.01 0.01 0.006
Age® 35 weeks 9.41 5.98 0.42 0.429 0.419 0.424
40 weeks 10.86 426 0.33 0.352 0.344 0.344
SEM 0.23 0.20 0.01 0.01 0.01 0.006
P value System < 0.0001 <0.001 <0.0001 < 0.0001 <0.0001 < 0.0001
Age 0.32 0.46 0.86 0.28 0.22 0.27
Age*System 0.59 0.10 0.17 0.17 0.20 0.05

#°Means within a column lacking a common superscript differ (P < 0.05)

!'Values represented the means of 20 replicates (1 = 20)
2 Values represented the means of 40 replicates (1 = 40)

3 Values represented the means of 40 replicates (1 = 40)

with no differences between the periods of 32—-34 weeks and
34-36 weeks of age (P > 0.05). Compared with C-Zn group,
N-Zn and H-Zn groups increased egg weight, egg production,
and egg to feed ratio of duck breeders (P < 0.02), with no
differences between N-Zn and H-Zn groups (P > 0.36).
Duck breeder from H-Zn group had higher laying rate and
qualified egg ratio than C-Zn group (P < 0.01), and no differ-
ences were observed between C-Zn and N-Zn groups as well
as N-Zn and H-Zn groups (P > 0.24) (Table 3).

Egg Quality

Shell thickness, Haugh unit, and yolk color were affected by
duck age (P < 0.03). Dietary Zn and the interaction between
age and dietary Zn influenced (P < 0.04) Haugh unit and shell
thickness, respectively. Age, dietary Zn, and their interaction
had no effects (P > 0.05) on the shell weight and shell strength
of duck breeders. Eggs from ducks at 34 weeks old had higher
Haugh unit and lower shell thickness than birds at 32 and 36
weeks old (P < 0.03), while egg yolk color from ducks at 34
and 36 weeks old was higher than birds at 32 weeks old (P <
0.01). Haugh unit in H-Zn group was higher (P < 0.02) than
C-Zn group, with no differences between C-Zn and N-Zn
groups. Dietary Zn level had no effect on shell thickness of
duck breeders at 32 and 34 weeks of age (P > 0.27), whereas
dietary supplementation of 40 and 140 mg Zn/kg increased
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shell thickness of duck breeders at 36 weeks of age compared
with the control group (P < 0.05) (Table 4).

Eggshell Microstructure

The mammillary cone width and thickness were affected (P <
0.02) by bird age. Dietary Zn level had an effect (P < 0.02) on
mammillary cone width and did not affect (P > 0.05) mam-
millary cone width, palisade layer thickness, and membrane
thickness. The interaction between age and dietary Zn influ-
enced (P = 0.05) palisade layer thickness of ducks. Eggs from
ducks at 32 and 34 weeks old had greater mammillary cone
width than birds at 36 weeks old, while H-Zn group had a
lower mammillary cone width and a greater membrane
cross-linking structure than C-Zn and N-Zn groups (P <
0.01; Figs. 1 and 2). Dietary Zn supplementation had no effect
on palisade layer thickness of duck breeders at 32 and 34
weeks of age (P > 0.48), whereas H-Zn group increased pal-
isade layer thickness of duck breeders at 36 weeks of age
compared with C-Zn group (P < 0.04), with no differences
between C-Zn and N-Zn groups (P > 0.72) (Table 5).

Discussion

Broken egg problem is a large financial loss to the poultry
industry. The eggshell quality is one of the most important
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Table 3  Effects of age and dietary Zn on egg production performance of duck breeders at 30 to 36 weeks of age under furnished cage system
Period Dietary Zn Egg weight  Laying rate Egg production Feed intake (g/bird/ Egg to feed Qualified egg ratio
(week) (mg/kg) (2 (%) (g/bird/d) d) ratio (%)
30-32! 0 74.3 73.4 534 153.6 0.35 69.4

40 76.2 77.1 58.4 154.4 0.38 73.8

140 75.6 81.7 61.7 154.2 0.40 80.0
32-34! 0 75.7 84.2 65.7 156.3 0.42 83.3

40 76.6 88.0 69.1 1555 0.44 86.0

140 77.1 90.4 70.3 156.4 0.45 89.5
3436 0 76.1 88.2 67.5 157.8 0.43 87.1

40 77.3 90.9 70.9 157.6 0.45 89.6

140 78.6 92.6 73.0 156.8 0.47 91.8

SEM 0.39 2.65 2.00 0.53 0.01 2.67
Age? 30-32 75.4° 77.4° 57.8° 154.1° 0.38° 74.4°

32-34 76.5° 87.5° 68.3" 156.1° 0.44* 86.3"

34-36 77.3° 90.5* 70.5% 157.4° 0.45* 89.5°

SEM 0.24 1.58 1.19 0.29 0.007 0.22
zn’ 0 75.4° 81.9° 62.2° 155.9 0.40° 79.9°

40 76.7° 85.3% 66.1° 155.8 0.42° 83.2%

140 77.1° 88.2° 68.3" 155.8 0.44* 87.1*

SEM 0.22 1.53 1.16 0.28 0.007 1.54

Age < 0.0001 <0.0001 <0.0001 < 0.0001 <0.0001 <0.0001

Zn <0.0001 0.03 0.004 0.96 0.001 0.01

Age X Zn 0.14 0.96 0.93 0.25 0.81 0.87

> Means within a column lacking a common superscript differ (P < 0.05)

! Values represented the means of 6 replicates (1 = 6)
2 Values represented the means of 18 replicates (n = 18)

3 Values represented the means of 18 replicates (1 = 18)

parameters for maintaining the shelf life and the safety of eggs
and egg products [7]. For poultry breeders, good eggshell
quality could prevent the hatching eggs from bacterial con-
tamination [8] to maintain hatchability performance [9].
Several studies have proved that eggshell characteristics could
be affected by bird age and different housing systems in laying
hens and breeder hens [10, 18]. In the current study, eggshell
parameters such as weight, strength, and thickness were de-
creased with the increased age of duck breeders at 3540
weeks of age regardless of rearing systems. Moreover, signif-
icant interaction between age and housing system on eggshell
thickness demonstrated that no differences were observed on
the average shell thickness of duck breeder eggs at 35 weeks
of age under two rearing systems, whereas FC system had a
lower average shell thickness than LF system in duck breeders
at 40 weeks of age. It was suggested that shell thickness of a
duck breeder in the FC system was decreased much greater as
the age was increased. The declined eggshell quality of duck
breeders in the FC system was confirmed by the comparison
of eggshell quality in laying hens under the battery cage and
deep litter systems [19]. It is probably due to the lack of exer-
cise and poor bone mineral mobilization of birds in the FC

system contributing to the poor mineralization during eggshell
formation [4]. Another factor was that providing insufficient
light intensity for laying birds at the lower tiers in multitier
cage systems could induce the less calcium mobilization for
eggshell formation resulting in the lower shell thickness [20].
Additionally, compared with the non-caged system, the caged
system was characterized with the restricted space that
allowed less movement of birds [21], which further affected
physical activity, energy expenditure, and nutrient require-
ment of birds [6]. Therefore, it is very important to change
the nutritional strategies to improve eggshell quality when
duck breeders were shifted from the non-caged systems to
FC systems.

Egg weight, egg production, and egg quality could be in-
fluenced by bird age [22, 23]. As the age was increased from
30 to 36 weeks old, egg production performance and yolk
color of female breeders were increased linearly. The enhance-
ment in egg production with advancing age was exhibited by
the lower ovulation rate and shorter ovulation and oviposition
sequence from laying early period to laying peaking period
[23, 24]. Zn is a cofactor of more than 200 enzymes function-
ing in diverse physiological processes to maintain the
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Table 4  Effects of age and dietary Zn on egg quality of duck breeders at 32, 34, and 36 weeks of age under furnished cage system

Age (weeks) Dietary Zn (mg/kg) Shell weight (g/egg) Shell strength (kg/N) Shell thickness (cm) Haugh unit Yolk color

32! 0 9.01 5.92
40 9.07 6.20
140 9.29 5.96
34! 0 9.15 6.17
40 9.01 6.08
140 9.13 6.20
36! 0 8.85 6.00
40 8.97 5.99
140 9.19 6.11
SEM 0.14 0.14
Age® 32 9.13 6.03
34 9.09 6.15
36 9.00 6.03
SEM 0.08 0.08
7n’ 0 9.00 6.03
40 9.02 6.09
140 9.20 6.09
SEM 0.08 0.08
Age 0.51 0.48
Zn 0.17 0.81
Age X Zn 0.73 0.59

0.386% 72.2 8.28
0.387% 73.2 8.06
0.374% 76.1 8.31
0.363° 80.3 8.60
0.360° 77.6 8.67
0.369° 83.1 8.32
0.355° 72.1 8.46
0.390° 71.0 8.41
0.395° 74.4 8.40
0.008 1.9 0.13
0.383 73.8° 8.21°
0.364 80.4% 8.53°
0.380 72.5° 8.42%
0.005 1.1 0.07
0.368 74.9° 8.44
0.379 73.9b 8.38
0.379 77.9a 8.34
0.005 1.1 0.07
0.02 <0.0001 0.01
0.15 0.03 0.59
0.03 0.88 0.23

*® Means within a column lacking a common superscript differ (P < 0.05)
" Values represented the means of 6 replicates (n = 6)
2 Values represented the means of 18 replicates (1 = 18)

3 Values represented the means of 18 replicates (n = 18)

optimum productive performance of poultry breeders [25].
The observations that dietary Zn deficiency impaired egg pro-
duction and egg quality in layer and breeder birds were well
established [26]. Our results showed that dietary Zn supple-
mentation increased egg weight, egg production, egg to feed
ratio, and Haugh unit in duck breeders housed in the FC sys-
tem during 30-36 weeks old. The positive effects of Zn addi-
tion on laying performance were confirmed in laying hens
[27-29] and laying ducks [14]. Dietary Zn nutrition could
improve the epithelium quality via increasing the protein syn-
thesis deposition of albumen, resulting in greater values of egg
production and Haugh unit. However, other studies reported
that adding Zn to the diets had no effects on the characteristics
of egg production of laying hens and broiler breeders [30, 31].
The differences between the studies might depend on the dif-
ferences in dietary Zn levels, Zn content in basal diets, exper-
imental periods as well as the breed differences, ages, and
physiological states of birds under different rearing systems.
Moreover, the diets with 140 mg Zn/kg improved laying rate
and qualified egg ratio compared with the control diet, where-
as no differences were observed between the control diet and
diet with 40 mg Zn/kg. It is implied that dietary higher Zn
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level revealed the greater beneficial effect on egg production
and egg quality in laying duck breeders in the FC system. Abd
El-Hack et al. (2018) also stated that laying hens fed diet
supplemented with 100 mg Zn/kg as Zn-Met source had great-
er egg production compared with birds fed basal diet supple-
mented with 50 mg Zn/kg as Zn-Met source [29]. One possi-
ble explanation for improvement in egg production may be the
interaction of Zn with the secretion of reproductive hormones
of the endocrine system during egg formation [32, 33].

Zinc is part of the CA enzyme which is essential in supply-
ing carbonate ions during eggshell formation [34]. Numerous
studies have shown that dietary Zn supplementation enhanced
eggshell quality by increasing eggshell thickness and strength
in laying birds [11, 12]. However, eggshell quality of laying
ducks were not affected by dietary Zn level in the present
study, which does not agree with results reported in laying
hens [13]. The inconsistent results may be due to the differ-
ences in the Zn content and supplemental Zn levels in basal
diets, experimental periods, age, and rearing systems of birds.
In the present study, the basal diet containing about 29 mg Zn/
kg diet seem to be sufficient for maintaining the eggshell
quality in a shorter period during 30-34 weeks, according to



Effect of Dietary Zinc Level on Egg Production Performance and Eggshell Quality Characteristics in Laying... 603

C-Zn N-Zn H-Zn

Fig. 1 Scanning electron cross-sections of eggshells from duck breeders Zn, normal Zn group with 40 mg Zn/kg diet; H-Zn, high Zn group with
fed C-Zn (A, D, G),N-Zn (B, E, F), and H-Zn (C, F, I) diets at 32, 34, and 140 mg Zn/kg diet; MT, membrane thickness; MCW, mammillary cone
36 weeks of age (x200). C-Zn, control Zn group with 0 mg Zn/kg diet; N- width; MLT, mammillary layer thickness; PLT, palisade layer thickness

C-Zn H-Zn
')

Fig. 2 Scanning electron fiber cross-linking structure of eggshell membranes 0 mg Zn/kg diet; N-Zn, normal Zn group with 40 mg Zn/kg diet; H-Zn, high
from duck breeders fed C-Zn (A, D, G), N-Zn (B, E, F), and H-Zn (C, F, I) Zn group with 140 mg Zn/kg diet. The representative defective fiber cross-
diets at 32, 34, and 36 weeks of age (x600). C-Zn, control Zn group with linking structure of eggshell membranes was indicated in red circle
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Table 5 Effects of age and dietary Zn on eggshell microstructure of  thjckness associated with the decreased CA activity during

duck breeders at 32, 34, and 36 weeks of age under furnished cage system . . .
eggshell formation for the 6 weeks of experimental period

Age Dietary Mammillary Mammillary Palisade Membrane [11].

(weeks) Zn cone width  layer layer thickness The eggshell is structurally combined by organic and inor-
(mg/kg) (um) thickness  thickness ~ (um) ganic components [35]. The organic components of eggshell
(um) () consisted of ultrastructural layers divided into shell mem-
32! 0 9.8 111 2762 60.7 brane, mammillary knob, palisade, and cuticle [36]. The as-
40 85.1 114 2762 506 sembly and calcitic mineralization of different eggshell com-
140 793 102 269 62.5 partments are thought to be guided by organic molecules,
34! 0 85.6 125 249° 66.2 including non-collagenous proteins and proteoglycans [37].
40 78.0 117 9573b 60.7 It has been shown that the enzymatic activity as trace cofactors
140 744 124 2543 516 influenced the formation of the mammillary layer in the region
36! 0 775 112 244° 64.9 of the oviduct termed the tubular shell gland [12]. In the pres-
40 694 110 2531 75.0 ent study, scanning electron photographs results showed that
140 613 106 289% 583 140 mg Zn/kg addition in diet reduced the mammillary cone
SEM 54 6 15 6.7 width of eggshell compared with the control diet, which was
Ag? 32 g5.7% 109° 274 60.9 in agreement with laying hens fed Mn-supplemented diet [38].
34 7932 1222 253 505 The decreased size of mammillary cones due to Zn intake
16 69.4b my 260 66.0 implied that the number of mammillary cones per unit area
SEM 31 3 g 18 on the internal shell membrane was increased. It was thought
70 0 85,30 16 256 2.8 that more mammillary buttons grew into adjacent palisade
40 77 50 114 262 673 column by calcitic mineralization and then resulted in a great-
140 717 " 1 €04 er resistance .of breakage .[39]. The palisade. layer accounts for
—_—— 3 X 38 about two-thirds ~0f the thickness of the calcified eggshell. Diet
Age 0.003 0.0] 076 0.46 supplemented with 140 mg Zn/kg increased the palisade la}fer
thickness of duck breeders at 36 weeks of age compared with
= 001 049 036 033 the control diet, with no effects observed in duck breeders at
Agzenx 0-99 0.56 0.05 0-50 32 and 34 weeks of age, which coincided exactly with the

*® Means within a column lacking a common superscript differ (P <
0.05)

! Values represented the means of 6 replicates (1 = 6)
2 Values represented the means of 18 replicates (1 = 18)

3 Values represented the means of 18 replicates (n = 18)

the INRA (1989) recommendation of 20—40 mg Zn/kg of
laying Muscovy duck breeders. The lacking effect of Zn ad-
dition on eggshell quality was consistent with the previous
results in laying ducks fed a corn-soybean meal basal diet
containing 37 mg Zn/kg during laying early and peak periods
[14]. Although dietary Zn level had no effect on shell thick-
ness of duck breeders at 32 and 34 weeks of age, whereas Zn
supplementation in diets improved shell thickness of duck
breeders at 36 weeks of age compared with the control diet.
The interaction between age and dietary Zn on shell thickness
implied that dietary Zn nutrition has a prolonged and accumu-
lative beneficial effect on maintaining eggshell thickness of
laying duck breeders. As the feeding time was increased, feed-
ing Zn non-supplemented diet plus the lack of exercise of
birds in the FC system resulted in the more severe body Zn
depletion and insufficient bone Zn mobilization and then re-
vealed the negative effect on shell thickness. Zhang et al.
(2017) also indicated that Zn deficiency impaired eggshell
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results of shell thickness in the present study. It is suggested
that Zn nutrition could contribute to eggshell quality via im-
proving the ultrastructural features. Previous study has dem-
onstrated that proteoglycans plays a key role in the crystalli-
zation of the eggshell [40]. The Zn addition in diets could
stimulate the proteoglycans synthesis to promote the eggshell
nucleation and crystalline palisade growth [41, 42]. In addi-
tion, the greater Zn addition could enlarge the negative effect
of'the presence of high Ca concentration (3.7%) and phytate in
basal hen diet due to the formation of an insoluble Ca-phytate-
Zn complex [43, 44]. Zn also plays a role in deposition of
albumen in the magnum and production of eggshell mem-
branes in the isthmus [26]. Although the outer shell membrane
thickness is not affected by dietary Zn levels, the poor mem-
brane fiber formation or cross-linking structure occurred in
dietary Zn deficiency and was characterized by abnormal
compactness and distribution uniformity of fibers. It is implied
that the enhancement of ultrastructural structure of shell mem-
brane may produce resistant eggshells and then prevent the
moisture loss of inner egg components due to Zn addition,
which contributed to the qualify egg ratio and Haugh unit
score in the present study.

In conclusion, dietary Zn supplementation improved the
egg production performance and Haugh unit of laying duck
breeders reared in the FC system during 30-36 weeks of age,
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displaying the greater beneficial effect for duck breeders fed a
diet containing 140 mg Zn/kg. In addition, dietary high level
of 140 mg Zn/kg increased ultrastructural palisade layer thick-
ness contributing to the greater eggshell thickness of duck
breeders at 36 weeks of age.
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