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Abstract

The purpose of this study was to determine the effects of the dietary addition of zinc (Zn) in the form of sulphate (Zn-S),
glycine (Zn-G), and hydroxychloride (Zn-H) on quail performance, eggshell quality, antioxidant status, mineral excre-
tion, biomechanical properties and mineralization of bone. A total of 75 female quails (10-weeks-old) were randomly
distributed into 3 groups with 5 replications, each with 5 female quails. Treatment groups were set up by adding Zn-S
and Zn-H as the inorganic form and Zn-G as the organic form of zinc to the corn-soybean basal diet (34.14 mg/kg Zn)
to obtain 50 mg/kg Zn and the feeding experiment lasted for 12 weeks. Performance parameters and egg production were
not impaired by the Zn source (P>0.05). The inclusion of Zn-S in the diet produced a reduction in eggshell thickness,
while an improvement in yolk antioxidant capacity (measured as MDA concentration) was detected compared to the other
Zn sources (P <0.05). Shear strength and cortical bone area increased (P < 0.05) with Zn-G supplementation, however, the
mineral concentration of the tibia was higher (P <0.01) in those quails who had received Zn-H. Lower levels of mineral
excretion were observed in both types of supplementations compared to Zn-S. Therefore, it can be stated that Zn-G or
Zn-H supplementation in the diet of laying quails could be an interesting strategy to reduce mineral excretion and improve
bone mineralization without affecting performance compared to Zn-S. However, further studies are needed to determine
the differences between Zn-G and Zn-H.
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Introduction

Zinc (Zn) is a crucial trace element to ensure adequate
physiological activity of birds [1-3]. Zn is a component of
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on albumin deposition in the formation of eggshells in the
uterus (isthmus and magnum region) and the impact of zinc
on the potentiation of FSH and LH hormones, progester-
one, and oestrogens. The improvement in egg production is
also probably due to the impact of zinc on the secretion of
reproductive hormones. Estrogen release stimulates oviduct
growth and increases protein, vitamins, blood calcium, fats,
and nutrients necessary for egg formation [8].

Traditionally, to achieve the nutritional requirements
of Zn for birds, plant-based diets are often supplemented
with inorganic salts, such as oxides, sulphates, or chlorides,
due to relatively low cost [1, 7, 9]. Nevertheless, the inor-
ganic Zn source has limited bioavailability. The ionic bonds
of inorganic salts are very weak, enabling the metal ion to
fully separate from the sulphate or oxide molecule upon
entering into contact with water [10]. This fact causes an
interaction with other components of the diet, making their
absorption difficult, and resulting in increased trace miner-
als (TM) excreted into the environment [4]. Hence, the trend
in the avian industry has changed toward organic TM, such
as proteinate and amino acid forms, based on the higher bio-
availability of this form [11]. However, their use has been
associated with increased costs in poultry production [9].
To avoid this problem, the use of alternative Zn sources in
avian nutrition has become widespread, which enhances
availability and absorption as it reduces antagonism in com-
parison to supplementation with inorganic forms [4, 12]. In
this regard, hydroxychloride forms could be an interesting
option as a novel inorganic source [9]. This advantage could
be explained due to the crystalline structure constituted by
stronger covalent bonds between multiple hydroxyl groups
and chloride ions rather than carbon-containing ligands as
in the ionic forms [10, 13]. Consequently, the solubility of
hydroxychloride trace elements is lower in neutral or water
solutions and higher in acid solutions, such as the upper part
of the small intestine [4, 7]. This results in a lower reactivity
of Zn hydroxychloride with other dietary ingredients com-
pared to ionic sources [7, 9, 10]. Hence hydroxychloride
forms provide delayed release through digestive processes,
improved absorption, and consequently decreased excretion
into the environment [12].

Several studies including Zn hydroxychloride in poul-
try diets have reported improved effects on some traits,
including performance and bone health, compared to those
receiving inorganic Zn and non-supplemented Zn [9, 10,
12, 14, 15]. In addition, certain studies have proposed that
Zn hydroxychloride could enhance some egg attributes as
compared to ionic forms [15]. These authors proposed that
supplementation with Zn hydroxychloride led to an increase
in calcium digestibility and bioavailability, resulting in an
elevation of serum calcium level, which presumably was
associated with an increase in calcium concentration in the
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uterine fluid precipitating in the formation of calcite, which
facilitated the mineralization of the eggshell. Nevertheless,
according to Olouski et al. [12], the data about including
hydroxichloride Zn in layer hens’ diet are scarce, and to
our knowledge, no available studies are carried out in lay-
ing quails. Most of the previous studies [4, 6—10, 12, 14,
15] have conducted comparisons between the addition of
dietary two sources of Zn (inorganic vs. organic or tradi-
tional vs. novel inorganic sources). To our knowledge, no
studies are comparing all three Zn sources.

Japanese quails (Coturnix coturnix japonica) breeding is
increasing worldwide, however, the investigations concerning
the nutritional aspects of this species are scant [16]. Limited
research has been conducted that compares inorganic (tradi-
tional or novel) and organic Zn sources in laying diets. Hence,
the goal of the current research was to compare the effect of
including traditional (Zn-sulphate (Zn-S) novel (Zn-hydroxy-
chloride (Zn-H)) inorganic and organic (Zn-glycine (Zn-G))
Zn sources in laying quail diets on performance, eggshell qual-
ity, antioxidant status, bone traits, and mineral excretion.

Materials and Methods
Ethical Approval

A special certification was not necessary since the research
was carried out on a farm animal. Moreover, the criteria set out
in the European Animal Protection Policy [17] as well as the
principles described in the 1964 Declaration of Helsinki were
complied with throughout the trial period.

Animal Husbandry

The experiment was performed according to a completely ran-
domized design at a local indoor farm in Sel¢uklu (Konya, Ttir-
kiye) at 38°1'36", 32°30'45" coordinates. Seventy-five female
Japanese quails (Coturnix coturnix Japonica) at the age of 10
weeks, were weighed (253+9.37 g) and randomly assigned
to three dietary groups each containing five replicates of five
female quails for 12 weeks. All pens had the same measure-
ments (30x45 cm) and were well-aired, clean, and sanitized.
The room temperature and lighting program were adjusted to
22 °C (£2.0) and a 16-h respectively. All pens were fitted with
separate feeders and drinkers enabling ad libitum ingestion of
feed and water.

Dietary Treatments
All quails were fed for 12 weeks with the same basal

diet containing corn and soybean meal, with a crude pro-
tein content of 200 g/kg crude protein and 2900 kcal/kg
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metabolizable energy, as can be observed in Table 1. The
basal diet submitted in the mash form was developed to
fulfil the nutrient requirements of laying quails as provided
by the National Research Council [18], including Zn needs
which have been established at 50 mg/kg for laying quails.

For that, in all experimental diets, the Zn level was fixed
to obtain 50 mg/kg of Zn in the diets, which was supple-
mented at the expense of corn, to ensure isoproteic and
isoenergetic diets. Hence, the experimental groups were as
follows: 1) Zn-S (basal diet (34.14 ppm Zn)+ 15.86 ppm
of Zn-Sulphate), Zn-Glycine (basal diet+15.86 ppm of
Zn-glycine), and 3) Zn-H (basal diet+15.86 ppm of Zn-
hydroxichloride). To determine the chemical composition
of the basal diet, the procedures proposed by AOAC [19]
were carried out in duplicate. Water content was determined
by drying at 105 °C; protein content and fat content were
obtained by applying the Kjeldahl method and Soxhlet
extraction respectively, while the ash content was obtained
by incineration. All those results are listed in Table 1.

Evaluation of Performance Indicators and Egg
Production

To define performance parameters, all experimental quails
(n=175) were weighed as a group at the beginning and end
of the experiment (+0.01 g), and average weights of groups
were determined. Then, changes in body weight (g) were
determined according to the modification of weight. Feed
intake (g/quail/day) was estimated as described by Olgun

Table 1 Basal diet and its nutrient content (as fed)

Ingredients g/kg Nutrient composition g/kg
Corn 544.0 Metabolizable 2899.08
energy, kcal/kg?
Soybean meal 344.0 Crude protein® 200.13
Soybean oil 36.5 Crude fibre® 28.30
Limestone 56.0 Crude fat® 58.38
Dicalcium phosphate 11.4 Moisture® 128.32
NaCl 3.5 Lysine? 10.90
VMP! 2.5 Methionine? 4.49
DL-methionine 2.1 Cystine’ 3.73
Total 1000.0 Calcium® 24.98
Total phosphorus® 6.37
Available 3.49
phosphorus?
Zinc®, mg/kg 34.14

! VMP (vitamin-mineral mixture) as contained per kg: Vitamin-
mineral premix (per 1 kg): vitamin A, 8000 IU; vitamin D3, 3000
IU; vitamin E, 5 mg; vitamin K, 2 mg; vitamin B12, 0.02 mg; bio-
tin, 0.1 mg; folic acid, 1 mg; niacin, 50 mg; pantothenic acid, 15 mg;
pyridoxine, 4 mg; riboflavin, 10 mg; thiamin, 3 mg; copper, 10 mg;
iodine, 1.0 mg; iron, 50 mg; manganese, 60 mg; selenium, 0.42 mg
incorporated at 1 g per kg of feed

2 Calculated

3 Analysed

et al. [20] using the total feed provided and the amount left
in the feed boxes. To calculate egg production, the num-
ber of eggs laid every day was collected, and the value was
divided by the total number of birds and multiplied by 100.
The outcome was expressed as a percentage (%). Every egg
retrieved in the last three days of the study was weighed with
a high precision balance (+0.01 g) to determine egg weight.
Egg mass (g/quail/day) and egg-laying efficiency (feed
intake/egg mass) were assessed following those described
by Sarmiento et al. [16]. The mortality rate also was noted.

Determination of Eggshell Quality Parameters

A total of 225 eggs, 75 from each treatment, were anal-
ysed in the Egg Quality Laboratory (Faculty of Agriculture,
Selguk University, Konya, Tiirkiye) to evaluate eggshell
quality. Eggs collected (n=225) were analysed at the Egg
Quality Laboratory (Faculty of Agriculture, Selcuk Univer-
sity, Konya, Tiirkiye) to evaluate the eggshell quality. At
ambient temperature, all eggs gathered in the trial’s final
three days were evaluated for internal and external quality
standards. Throughout the experiment, broken, damaged,
and cracked eggs were listed and expressed as a proportion
of the total collected eggs (n=225). The Egg Force Reader
(Orka Food Technology Ltd., Ramat Hasharon, Israel)
was applied to the blunt part of the egg to measure egg-
shell strength. Eggshell thickness was determined using a
micrometer (Mitutoyo, 0, 01 mm, Japanese) as a medium
value (um) from three separate parts of the shell (equator,
blunt, and pointed). The relative eggshell weight (%) has
been established by weighing the cleaned and dried shells
and dividing them into egg weights.

Determination of Yolk TBARS and DPPH Values

To evaluate the antioxidant status of the yolk, the malondi-
aldehyde (MDA) and 1-diphenyl-2-picrylhydrazyl (DPPH)
concentrations were assessed in triplicate on 75 fresh eggs.
To ascertain the MDA value, the thiobarbituric acid reactive
substances (TBARS) test was conducted using the modified
method described by Kilic and Richards [21] and Sarmiento-
Garcia et al. [16]. Measurement of MDA concentration was
done quantifying the absorbance value at a wavelength of
530 nm applying a spectrophotometric measurement (Per-
kin Elmer, USA) based on a blank curve of MDA consisting
of 1 mL of trichloroacetic acid (TCA) solution (7.5% TCA,
0.1% EDTA, 0.1% propyl gallate) and 1 mL of thiobarbi-
turic acid (TBA) solution (0.02 M). TBA was expressed as
pmol MDA/kg yolk.

The antioxidant ability of the resulting hydrolysates was
tested with a modified technique outlined by Sacchetti et
al. [22] and Olgun et al. [20] employing the scavenging
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effect of DPPH radicals. The absorbance measurement was
obtained at 517 nm and recorded with a spectrophotometer
(Perkin Elmer precisely UV/VIS Spectrometer) by compari-
son against a blank curve (replaced with 95% ethanol). The
Eq. (1) was applied to test the scavenging effect:

[(control absorbance — sample absorbance)

DPPH values = x 100

control absorbance

Determination of Bone Biomechanical Properties

After the determination of final body weight, on 84 days,
two random female quail from each group (n=30) were
randomly selected and euthanized via cervical dislocation.
Cortical bone thickness, cortical bone cross-sectional area,
shear force, and shear stress of bone were determined fol-
lowing the methods proposed by Giil et al. [23], Armstrong
et al. [24], and Wilson and Ruszler [25].

Faecal and Tibia Mineral Analysis

The mineral content of faecal (n = 15) and tibia tissue (n = 30)
samples was tested according to the wet digestion method,
as reported by Olgun and Yildiz [26]. Faeces and tibia sam-
ples were dried (105 °C for 24 h), weighed (0.3 +0.01 g),
and carefully streaked on Teflon-coated digestion plates
(Milestone, Sorisole, Bergamo, Italy). Then, each dish
was spiked with 5 ml of nitric acid (63.01 M) and 3 ml of
perchloric acid (70%). Samples were streaked onto Teflon-
coated digestion plates and then introduced into a Mars 5
microwave oven (CEM Corp, 3100 Smith Farm Road, Mat-
thews, NC, USA) at 190 °C for 40 min. Following the com-
pletion of the incineration process, the supernatant solution
contained inside the Teflon-coated sample containers was
subjected to a dilution of 50 ml using distilled water. There-
after, 0.1 g of each ash sample was weighed to establish the
mineral content, comprising the concentration of Cu, cal-
cium, phosphorus, manganese, and zinc, using inductively
coupled plasma atomic emission spectrometry (ICP-OES)
(Thermo Scientific 7200 ICP-OES Analyser, Thermofisher
Scientific, Waltham, USA).

Statistical Analysis

All data were assessed using one-way ANOVA, which was
performed using the SPSS 22.0 software package (SPSS
Inc., Chicago, IL, USA) considering the cage as the test
unit. Each cage means was used as the experimental unit
for growth performance measurements. For other measure-
ments (i.e., egg quality, MDA, DPPH, etc.), the individual
bird was used as the experimental unit. The results obtained
were shown in the following Tables, as means + standard
errors of the mean (SEM). Statistical significance was
assumed as a probability value of p<0.05, while a prob-
ability value of p <0.10 was defined as a trend.

Results
Performance Parameters

Table 2 demonstrates the effect of using different forms of
Zn in the diet on the performance of quails. The Zn sup-
plementation source was not observed to have any effect
(P>0.05) on the performance parameters, including final
body weight, body weight change, feed intake, and egg-lay-
ing efficiency. Similar results were described for egg pro-
duction parameters which remained unaffected regardless of
the Zn source (P> 0.05).

Eggshell Quality

In the study, the damaged egg rate, eggshell breaking
strength, eggshell weight, and thickness were examined as
quality parameters and are demonstrated in Table 3. There
was no effect of Zn source on the broken egg rate, eggshell
breaking strength, and eggshell weight (P>0.05). These
values range from 0.00 to 1.52% for damaged egg rate, from
12.02 to 12.78 N for eggshell breaking strength, and from
8.37 to 8.61% for eggshell weight. Nevertheless, the dietary
Zn source in the diet affected the eggshell thickness statisti-
cally (P<0.05), and the value increased by dietary using

Table 2 Effect of different zinc sources on performance (n=75) in laying quails

Parameters Zn-S Zn-G Zn-H S.EM P-values
Initial body weight (g) 251.38 254.75 252.25 2.263 0.841
Final body weight (g) 264.38 276.00 265.63 3.378 0.327
Body weight change (g) 13.00 21.25 13.38 3.758 0.634
Egg production (per egg/100 quails) 91.87 92.86 91.19 0.556 0.503
Egg weight (g) 12.93 13.37 13.20 0.094 0.151
Egg mass (g/quail/day) 11.87 12.42 12.04 0.119 0.166
Feed intake (g/quail/day) 32.85 33.17 31.40 0.356 0.086
Egg-laying efficiency 2.77 2.67 2.61 0.036 0.198

S.E.M.: Standard error means. Zn-S: Zinc sulphate, Zn-G: Zinc glycine, Zn-H: Zinc hydroxychloride
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Table 3 Eggshell quality (n=225) of laying quails fed with three different Zn sources

Parameters Zn-S Zn-G Zn-H S.EM P-values
Damaged egg (per egg/100 eggs) 0.32 0.00 1.52 0.404 0.292
Eggshell-breaking strength (N) 12.02 12.38 12.78 0.167 0.182
Relative eggshell weight (g shell/ 100 g egg) 8.37 8.37 8.61 0.066 0.236
Eggshell thickness (um) 217.08° 225.46" 224.55% 1.381 0.011

S.E.M.: Standard error means, Zn-S: Zinc sulphate, Zn-G: Zinc glycine, Zn-H: Zinc hydroxychloride, “*: Means with different upper letters in

the same row are different at the P <0.05 level

Table 4 Effect of different zinc sources on DPPH and and MDA values of yolk (n=75) in laying quails

Parameters Zn-S Zn-G Zn-H S.EM P-values
DPPH (% reducing) 8.126% 8.802° 6.235° 0.2532 <0.001
MDA value (umol MDA/kg) 1.537° 2.3942 2.285% 0.1297 0.009

DPPH: 2,2-diphenyl-1-picrylhydrazyl, MDA: Malondialdehyde, S.E.M.: Standard error means, Zn-S: Zinc sulphate, Zn-G: Zinc glycine, Zn-H:
Zinc hydroxychloride, ®: Means with different upper letters in the same row are different at the P < 0.05 level

Table 5 Mineral faecal excretion (n=15) of laying quails fed with three different Zn sources

Parameters Zn-S Zn-G Zn-H S.EM P-values
Zinc (mg/kg) 233.68° 190.23° 151.77¢ 9.756 <0.001
Copper (mg/kg) 37.72% 23.18¢ 27.68° 1.705 <0.001
Manganese (mg/kg) 390.20° 283.94¢ 331.79° 13.958 0.001
Calcium (%) 435° 4.46° 5.52° 0.209 0.027
Phosphorus (%) 1.82 1.93 1.91 0.049 0.658

S.E.M.: Standard error means, Zn-S: Zinc sulphate, Zn-G: Zinc glycine, Zn-H: Zinc hydroxychloride, “*°: Means with different upper letters in

the same row are different at the P <0.05 level

Zn-G (225.46 pm) or Zn-H (224.55 pum) instead of Zn-S
(217.08 pm).

Yolk Antioxidant Capacity

The effect of including different dietary Zn sources on the
antioxidant capacity of the yolk measured as DPPH and
MDA values was given in Table 4. Yolk DPPH value was
reduced (P<0.001) in the group that had received Zn-H
(6.235%) than those fed with Zn-S and Zn-G (8.126 and
8.802% respectively). Contrarily, the MDA value was found
to be significantly decreased (P<0.01) in the quails feed
with Zn-S (1.537 pmol/kg) than in those receiving Zn-G
(2.394 pmol/kg) or Zn-H (2.285 pmol/kg).

Mineral Excretion

Table 5 shows the effect of using different Zn dietary sources
on mineral excretion in faeces. In general, all minerals
evaluated in the faeces were affected by the dietary sources
of Zn, except for phosphorus content, which showed simi-
lar values for all experimental diets, ranging from 1.82 to
1.93% (P> 0.05).

The Zn excretion was highest (P < 0.01) in the group using
Zn-S (233.68 mg/kg), followed by Zn-G (190.23 mg/kg)
and Zn-H (151.77 mg/kg). Similar behaviour was described
for faecal excretions of copper (P<0.01) and manganese
(P<0.01). Was reported an increased value in the quails fed

with Zn-S (37.72 and 390.20 mg/kg, respectively) compared
to those received Zn-H (27.68 and 331.79 mg/kg, respec-
tively) while the group that had been supplemented with
Zn-G reported intermediate value (23.18 and 283.94 mg/kg,
respectively). Finally, the quails supplemented with Zn-H
excreted higher amounts of calcium (5.52%) than those fed
with Zn-S (4.35%) or Zn-G (4.46%).

Bone Biomechanical Traits

The potential effects of different dietary Zn sources on bone
biomechanical parameters of laying quails are shown in
Table 6. There was no effect (P>0.05) of Zn dietary source
on cortical bone thickness (0.320-0.358 mm) and shear stress
(101.32-108.60 N/mm?). Nevertheless, regarding the corti-
cal bone cross-sectional area and shear force of bone differ-
ences were reported depending on the dietary Zn source.
In both cases, significantly (P<0.05) higher values were
found in the quails supplemented with Zn-G (1.39 mm? and
140.40 N, respectively) than those received Zn-S (1.17 mm?
and 125.48 N, respectively) or Zn-H (1.20 mm? and 127.61 N,
respectively).

Bone Mineralization
The effect of the addition of Zn dietary source on the min-

eral bone content of laying quails was given in Table 7.
Zn dietary sources did not alter (P>0.05) the calcium
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Table 6 Effect of different zinc sources on biomechanical traits of tibia (n=30) in laying quails

Parameters Zn-S Zn-G Zn-H S.EM P-values
Cortical bone thickness (mm) 0.329 0.358 0.320 0.0077 0.112
Cortical bone cross-sectional area (mm?) 1.17° 1.39% 1.20° 0.041 0.043
Shear force (N) 125.48° 140.40° 127.61° 2.509 0.017
Shear stress (N/mm?) 107.86 101.32 108.60 2.619 0.497

S.E.M.: Standard error means, Zn-S: Zinc sulphate, Zn-G: Zinc glycine, Zn-H: Zinc hydroxychloride, “*: Means with different upper letters in

the same row are different at the P <0.05 level

Table 7 Effect of different zinc sources on mineral contents of tibia (»=30) in laying quails

Parameters Zn-S Zn-G Zn-H S.EM P-values
Zinc (mg/kg) 310.02° 314.48° 342.39° 4.798 0.002
Copper (mg/kg) 1.62° 1.33° 2.78% 0.179 <0.001
Manganese (mg/kg) 12.74 15.75 14.54 0.903 0.421
Calcium (%) 26.62 27.10 24.69 0.668 0.318
Phosphorus (%) 14.14° 14.81° 17.14% 0.429 0.002

S.E.M.: Standard error means, Zn-S: Zinc sulphate, Zn-G: Zinc glycine, Zn-H: Zinc hydroxychloride, “*: Means with different upper letters in

the same row are different at the P<0.05 level

(24.69-27.10%) and magnesium (12.74-15.75 mg/kg) con-
centrations in the bone. Nevertheless, adding Zn-H to the
laying quails’ diet resulted in an improved (P <0.01) con-
centration of Zn, Cooper, and Phosphorus as compared to
those fed with Zn-G or Zn-S.

Discussion

This research indicated that none of the assessed dietary Zn
sources impaired the performance of laying quails. Similar
results were described for egg production and egg weight,
which were not affected by the source of Zn in the diet. These
results were consistent with those described by previous
authors[1, 11,27, 28] when hens were fed with different dietary
Zn sources. The results of the current research suggest that if
dietary Zn requirements are met without stress conditions, the
Zn dietary source would not impair quail development and
egg production, as reported by Franklin et al. [29]. Contrary,
Olukosi et al. [12] described a marginal increase in egg-laying
efficiency for the hens fed with hydroxichloride trace minerals
(TM) compared to those received sulphate TM, although these
authors justify it due to the enhanced feed intake. Similarly, van
Kuijk et al. [30] described an improvement effect on final body
weight and body weight gain of broilers fed with hydroxichlo-
ride TM than those supplemented with sulphate. Jiang et al.
[15] showed a higher value for the egg-laying efficiency and
egg weight in the hens fed with hydroxichloride TM compared
to the sulphate form. The lack of differences in the current
research may be because previous studies evaluated the effect
of the combination of TM (Zn, copper, and manganese), and
not a single TM (Zn) as in this study. TM plays a key role in
avian nutrition to guarantee efficient production and develop-
ment [12]. The mixture of TM could improve protein synthesis
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and deposition in the albumen, as well as cell multiplication
and division, which could improve egg weight and egg pro-
duction. In addition, all these minerals are involved in different
metabolic processes (including those related to obtained DNA,
carbohydrates, and proteins) that would explain the improve-
ment in performance parameters [15].

Eggshell quality is still an important issue for poultry farm-
ing, as it entails great economic losses for poultry producers
[23]. Even though no differences in egg damage, eggshell-
breaking strength, or relative eggshell weight were described
depending on the experimental sources of Zn provided to the
quails, a positive effect on eggshell thickness was described
in quails fed with Zn-G or Zn-H compared to those received
Zn-S. According to previous authors, the substitution of inor-
ganic with hydroxychloride [12, 15] or organic [28, 31, 32]
Zn sources in the hen diet could result in the enhancement of
some eggshell traits. It has been described that hydroxichloride
sources lead to an increase in the calcium content of blood,
which presumably raises the level of calcium in the uterine
fluid and uterine glands resulting in efficient eggshell miner-
alization which affects the eggshell thickness [31]. Similarly,
organic Zn sources have been linked with an enhancement in
the capacity of the shell gland to produce Zn [28]. Since Zn
is an essential constituent of carbonic anhydrase (CA) found
in the cell membranes of tubular glands and capillary endo-
thelium, and its deficiency is associated with the development
of thinner-shelled eggs, reduced absorption of Zn is likely to
result in decreased eggshell thickness [15]. Those results, raise
the hypothesis of greater digestibility and availability of Zinc
when quails had fed with hydroxichloride (Zn-H) and organic
sources (Zn-G), compared to those receiving the inorganic
sources (Zn-S) leading to an enhanced eggshell thickness.

Zn is a cofactor of Cu Zn-superoxide dismutase, which
plays a key role in suppressing free radicals and inhibiting
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NADPH-dependent lipid peroxidation, which reduces lipid
peroxidation and enhances the antioxidant capacity [15].
Contrary to expectations, supplementation with Zn-H in
the diet increased the MDA value and decreased the DPPH
value of the yolk. It was expected that, due to a higher bio-
availability of Zn in quails supplemented with Zn-G or
Zn-H, this would result in a higher deposition in the yolk,
with a consequent improvement of the antioxidant capacity
of the egg. Even though no research has been conducted to
compare the effect of Zn sources on the antioxidant or oxi-
dative stress characteristics of egg yolks, previous research
has stated the effect of Zn sources on certain antioxidant
markers. For example, previous studies comparing dietary
supplementation with Zn-S and Zn-G as inorganic and
organic forms, respectively, did not observe changes in
antioxidant capacity measured as plasma, hepatic and renal
MDA [33], hepatic MDA [27] or serum SOD. According to
Jiang et al. [15], laying hens’ serum SOD was unaffected
by the sulphate and hydroxychloride forms of zinc, copper,
and manganese. Similarly, Yu et al. [9] found that Zn forms
(Zn-S and Zn-H) did not affect serum T-SOD, ZnCu-SOD,
and MDA values of broilers. In contrast to the current study,
Olukosi et al. [12] stated that the serum MDA in broilers
was better in the Zn-H group than in Zn-S. The difference
between the studies could probably be due to the different
methods used to evaluate the antioxidant capacity, as well
as the tissue used. Furthermore, the age of the bird, the spe-
cies used, and the duration of the assay may be responsible
for the differences found [31]. Therefore, further studies
are needed to evaluate the mechanisms of the antioxidant
capacity of the yolk that has been produced.

The poultry industry has focused on the search for nutritional
strategies that meet the TM needs of poultry without increasing
TM residues in faeces, which are harmful to the environment
[11]. Interesting results were observed in the faecal excretion
of minerals as a function of dietary Zn source. Regarding Zn
excretion, the lowest faecal excretion of Zn was recorded in
the group supplemented with Zn-H, followed by the group that
had received Zn-G, and, finally, the highest value of excretal
Zn was recorded in the group fed with Zn-S. While the lowest
Cu and Mn excretion was recorded for the quails supplemented
with Zn-G. To our knowledge, the previous studies did not
compare all the Zn sources assessed in this research. Neverthe-
less, it seems clear that traditional inorganic TM sources result
in a higher mineral excretion than other dietary TM sources.
Han et al. [28] explained that organic minerals improved Zn
absorption which resulted in a lower Zn excretion as compared
to inorganic sources such as sulphate, which is consistent with
the results of the current research. The higher bioavailability of
Zn-G chelates compared to Zn-S could be linked to the che-
lates’ ring structure, which preserves Zn against chemical reac-
tions in the digestive tract and maintains its stability despite

the low pH. Moreover, chelates are negatively loaded to pro-
mote efficient passage through the intestinal wall by several
pathways (mainly by amino acid transport) in comparison to
inorganic zinc. Similar findings have been reported by Villago-
mez-Estrada et al. [7] who described a lower faecal excretion
(Zn, Mn, Cu) when pigs were supplemented with hydroxychlo-
ride instead of inorganic TM. In this sense, inorganic TM tends
to break down and interact with other dietary components in
the upper gastrointestinal tract, compromising their bioavail-
ability and leading to increased excretion [12]. However, the
differences found in this study between the Zn-G and Zn-H
forms have not been previously documented in quail. Hence,
the results obtained in the current research could be better
explained by further investigating the bioavailability of Zn-H
concerning organic forms.

Bone shear force and collagen crosslink content are strongly
correlated, and Zn is essential for collagen synthesis. Further-
more, Zn supplementation has been found to enhance the
anabolic action of insulin-like growth factor I on osteoblasts,
thus having a positive influence on bone formation [10]. All
the parameters evaluated on the biomechanical characteristics
of the tibia were identical in quails supplemented with Zn-S
and those supplemented with Zn-H. These results are partially
supported by the reports of Nguyen et al. [10], who stated that
there is no difference between Zn hydroxychloride and a com-
bination of oxides and sulphates concerning the effect on bone
strength of broilers when the same doses are used. However,
in the current research quails supplemented with Zn-G showed
higher values for cortical bone cross-sectional area and shear
strength. Those findings could suggest an improved collagen
crosslink content and osteoblast growth leading to an enhanced
bone status [10]. However, there seems to be no agreement
among authors on the effect of different forms of Zn on bone
biomechanical parameters. Olgun and Y1ldiz [1] expressed that
using Zn-S in laying hens was effective in improving bone
strength compared to the use of Zn-G. While Cufadar et al. [11]
and Niknia et al. [8] stated that organic or inorganic Zn forms
did not affect bone biomechanical properties in hens. Niknia et
al. [8] stated that high doses are necessary to improve bone bio-
mechanical parameters (up to 100 mg/kg in broilers). They also
speculated that the improvements are less evident as the age of
the animals increases. In any case, further studies are needed
to verify the improvement of these parameters associated with
Zn-G supplementation.

In the current study, the tibia Zn, copper, and phosphorus
contents of the quails supplemented with Zn-H were found
to be higher than the groups using Zn-S or Zn-G. Accord-
ing to the results of this study, it is observed that there is
a negative correlation between Zn accumulation and Zn
excretion in the tibia. Therefore, high Zn retention with the
Zn-H form may have increased the accumulation of this
mineral in bone which is in line with those described by
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Pérez et al. [34]. These authors stated that hydroxichloride
forms tend to be less reactive with other minerals and vita-
mins contained in the feed. Similar findings were reported
by Ulger and Mahmood [35], who described an enhance-
ment in Zn serum when nano-Zn (6 mg/kg) was added to the
laying quails’ diet. This would be responsible for improved
absorption of Zn and other micronutrients, like vitamin A,
enhancing the absorption of trace minerals. Contrary to the
current research, previous authors have stated that the Zn
source did not affect the mineral content of the tibia. For
example, Nguyen et al. [10] found that there was no dif-
ference between supplementation with Zn hydroxychloride,
oxide, and sulfate on bone mineralization (including Zn,
calcium, and phosphorus). Olukosi et al. [4] reported that
the use of sulphate or hydroxychloride forms of Zn in the
diet did not affect the Zn and Cu content of broilers” bones.
Similarly, Villagémez-Estrada et al. [7] reported that feed-
ing pigs with Zn-S and Zn-H did not modify Zn and cop-
per concentrations in pig serum, liver and bone, which are
in line with those stated by Niknia et al. [8] in aged hens.
Olgun and Y1ldiz [1] demonstrated that the use of Zn-S and
Zn-G did not cause any difference in tibia Zn, calcium, and
phosphorus levels. The Zn supplementation levels, physi-
ological state, age, and type of birds may be the reason for
the differences between previous studies. In any case, fur-
ther research is needed to re-evaluate these results.

Conclusions

In summary, the results of the current research demonstrate
that none of the assessed Zn sources compromise the perfor-
mance or egg production of laying quails. Regarding egg-
shell quality, Zn-S showed a decrease in eggshell thickness,
while an enhancement in the antioxidant capacity (measured
as DPPH and MDA value) was recorded. It is important to
highlight those quails supplemented with Zn-H reduced the
amounts of Zn, Cu, and Mn excreted in the faeces to the
environment as the increased mineral content of the bones
compared with those supplemented with Zn-S. Based on
these results, it can be concluded that Zn-H supplementa-
tion in the diet of laying quails is a suitable option to reduce
TM excretion to the environment, leading to an increase in
bone TM without affecting performance in comparison with
Zn-S. However, the comparison between the improvements
derived from Zn-G and Zn-H supplementation does not
seem clear, and further studies are needed.
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