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Productive traits and immunity in laying hens decrease sharply during the late phase of laying due to aging, which negatively affects the metabolism and hormonal status of the animals. The influence of Ca levels (3.5, 4.0, and 4.5%) and/or cholecalciferol [Vitamin D3 (VD3)] supplementation (800-, 1,000-, and 1,200-IU/kg diet or as total of 3,800, 4,000, and 4,200 IC VD3) on performance, egg quality, blood biochemistry, and immunity of brown egg layers was investigated. Three hundred and sixty H&N Brown egg layers (60 weeks old) were allocated at random into nine nutritional treatments of five replications (cages) of eight hens each. The control diet in this experiment contained a 3.5% Ca level with 800 IU VD3. The addition of VD3 at 1,000 and 1,200 IU to 3.5 and 4% Ca diets significantly (P ≤ 0.05) increased the rate of laying, egg mass, and feed conversion ratio (FCR) compared to the control diet on 3.5% and 800 U of VD3. Besides this, the addition of VD3 at 800 and 1,200 IU to 3.5% Ca level diets enhanced the Haugh unit score. Similar results were observed in eggshell quality measurements and tibia ash. Increasing the Ca concentration from 3.5 to 4 and 4.5% and increasing VD3 levels from 800 to 1,000 or 1,200 IU significantly and similarly increased serum total protein and globulin. In addition, VD3 at 1,000 IU increased serum albumin, compared to 800 IU. Increasing Ca level increased IgA, and 4 and 4.5% Ca levels similarly increased IgG and α-2 globulin compared to the 3.5% Ca diet. VD3 addition at 1,200 IU to the 4% Ca diet significantly increased γ-globulin compared to 1,000 IU, but decreased β-globulin. Increasing the Ca level to 4% significantly reduced serum triglycerides, and the very low-density lipoprotein and the triglyceride/high-density lipoprotein ratio were both decreased with 4 and 4.5% Ca level diets. Increasing the Ca level caused a stepwise increase in catalase, which was markedly increased with VD3 supplementation at 1,200 IU. Plasma estrogen was increased considerably with VD3 supplementation at 3.5% Ca, but parathyroid hormone levels were not affected. In conclusion, increasing Ca levels in the diet of laying hens to 4% during the late production phase could be a useful tool to improve laying performance, eggshell quality, Haugh unit score, and physiological and immunological status. Besides, VD3 at a 1,000 IU/kg diet to 3.5% Ca improved performance of hens fed 3.5% Ca, showing that the potential impact of VD3 depends on Ca concentrations.
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INTRODUCTION

Globally, both eggs and meat are acceptable and economical sources of protein for human nutrition (1). Modern hybrids of laying hens produce more than 320 eggs per year. The eggs contain 10% shell, and eggshell contains 40% Ca; thus, hens require a considerable amount of Ca for eggshell formation. Eggshell protects the eggs and is responsible for maintaining their inner quality from oviposition until use by the consumers (2). Obviosuly, egg quality and particularly shell quality decline with the age of laying hens during the late phase (60 wk or older) of production (3, 4). The decrease in eggshell quality during the late stage of production could be determined by an increase in egg size, reductions in nutrient metabolism, mainly of Ca, and in reproductive hormones, especially estrogens (5). Calcium is a critical constituent in the nutrition of laying hens, and its availability depends on dietary intestinal absorption. Still, the skeleton is an essential Ca source during the night when intestinal absorption has ceased (5, 6). Increased breakage and loss of eggs are the greatest problems in the table egg industry, causing substantial economic loss, possibly due to low egg shell quality (6, 7). Not only low eggshell quality but also loss of bone strength occurs during the late laying period (5, 8). Recent evidence has shown that proteins are integrated in the regulation of proteins driving the calcification of shell quality and function in laying hens (9, 10).

Adequate Ca consumption by laying hens is critical for ensuring reliable eggshell quality. However, the impact of dietary Ca level on egg production and quality are contradictory in the literature, and some data were reported several decades ago. Besides, there has been a significant improvement in the laying rate due to genetic progress and the use of biotechnical tools in animal breeding, together with consumers' awareness of egg quality, that needs further attention when producing functional eggs (5, 11). In the literature, Ca requirements for laying hens depend on age, production phase, environmental temperature, strain, and the concentrations of Ca, P, and vitamin D (VD) in the diet (5). For example, qualitative traits of egg and tibia weight of laying hens fed 3.5% Ca (3.77 g/d) were higher than those fed 3.0% (3.29 g/d), but increasing Ca level to 4% (4.31 g/d) did not affect eggshell quality or tibia weight (12). Besides, a daily Ca requirement of 3.75 g was recommended more than two decades ago (13, 14). On the other hand, the optimum percentage of Ca for eggshell formation was cited to be 4.73% (15). Recent guidelines of breeder companies recommend a daily Ca intake of 4.10 g during the early egg production phase (19 wk), and this gradually increases with age to reach 4.4 g% for Lohaman Brown-Classic layers in the late phase of production at 65 wk or later (16). On the other hand, the NRC (17) recommends a daily intake of 3.75 g for white and brown eggshell layers.

Cholecalciferol (VD3) and its two metabolites are essential for the calcification of eggshell and bone and have both hormonal and immune influences (3, 4, 18). VD3 can be formed in the skin of the dermis and epidermis from 7-dihydrocholesterol under ultraviolet light or can be offered as a dietary component (3, 19). Nowadays, laying hens are reared under the extensive system and housed in closed-housing in cages for different perspectives, such as the increasing intensity of production, farming profits, production of clean eggs, and improving rearing conditions. Hens housed under these conditions are not exposed to adequate natural light to transform 7-dihydrocholesterol at levels appropriate for the sufficient synthesis of VD3. Thus, VD3 is usually added to layer feeds; these are critical for the homeostasis of calcium and to maintain laying performance, bone calcification, and eggshell formation (5, 14, 20). The biosynthesis of the active form 1, 25-dihydroxycholecalciferol (1,25-(OH)2D3) from VD3 was reviewed by Geng et al. (20). This occurred in the liver and kidney in two steps, mediated by 25-hydroxylase1 and α-hydroxylase enzymes (5).

The common level of VD3 in layer diets is about 2,200 IU/kg (21, 22), while the commercial egg breeders' guides recommend 2,500 IU/kg in diets (14), and 3,000–5,000 IU/kg is recommended by commercial producers (18). The Ca-binding protein implicated in the active transport of Ca across the intestinal wall requires VD3 (18, 22). In the literature, VD3 has many health, immunological, and physiological benefits (5), and it is a vital vitamin that plays a considerable role in the development of muscle, skeletal health, and in sustaining the homeostasis of calcium and phosphorus (18, 23, 24). Formation of eggshell and health of bone in laying hens is essential and involves the integration between the metabolism of Ca, P, and VD3 (5, 18, 25). Rodriguez-Lecompte et al. (26) and Manolagas et al. (27) have reported that VD3 or the active form of VD3, 25-(OH)D, both have strong immunomodulatory properties with a gradually ultimate help of T cells (Th2).

The commercial hybrid laying hens produce eggs at a higher rate due to increasing genetic potential and improvement in farming and nutrition strategies. Consequently, taken together, factors affecting the requirements of Ca and VD3 of laying hens need further investigation, particularly during the late phase of production, due to a decline in laying performance, the quality of eggs and shells, and physiological and immunological adaption. Hence, we hypothesized that the Ca and VD3 requirements of laying hens increased during late stage of production and increasing Ca and/or VD3 may improve production and quality of eggs and profits for laying hens farmers. Thus, this work examines the integration between different concentrations of Ca (3.5, 4.0, and 4.5%) and a (VD3) 800-, 1,000-, 1,200-IU/kg diet on the productive traits, blood biochemistry, and immune response of laying hens during the late phase of laying brown eggs.



MATERIALS AND METHODS

The scientific committee of the Poultry Production Department, Faculty of Agriculture, Mansoura University, approved the present experiment. The protocol number was DF-715-155-1441 H. The committee recommended that care and handling of the animal maintained rights and welfare and minimized stress (Directive 2010/63/EU).


Laying Hens and Husbandry

The research was performed at the Poultry Research Unit, Qalabsho Center of Agricultural Researches and Experiments, Faculty of Agriculture, Mansour University, Egypt, from July to September 2018. This is the hottest period of the year in Egypt; the relative humidity and ambient temperature during the experimental period ranged between 54 and 70% and 22.8 and 35.6°C, respectively. The birds were exposed to hot weather conditions, and hens showed symptoms of high ambient temperatures, such as lying down in cages, wing flapping, and panting. Nonetheless, we did not discuss the heat stress in the Results and Discussion section, due to a lack of a control group for heat stress that was kept under optimum temperature (25°C).

360 H&N Brown Nick layers (60-wk-old) were assigned randomly into nine treatments, consisting of five replicates of eight hens. Hens were reared in open-sided laying cages (eight hens/cage with one feeder and two nipples); the size of each cage was 60 × 120 × 50 cm. The hens were submitted to a light program of 16:8 hrs light/dark cycle and received mash feed and tap water ad libitum.



Experimental Diets

Nine experimental diets, consisting of three levels of Ca (3.5, 4.0, and 4.5%) with three levels of supplemented vitamin D3 at the dosage of an 800-, 1,000-, 1,200-IU/kg diet or as total of 3,800, 4,000, and 4,200 IC VD3 were fed during the experimental period from 60 to 72 wk of age (Table 1). The control diet in this experiment was that contained 3.5% Ca level with 800 IU VD3.


Table 1. Formulation and proximate analyses of the experimental diets (g/kg) on dry matter basis fed to Brown egg layers strain from 60 to 72 week of age.
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The total VD3 amounts in the tested diets were 3,800, 4,000, and 4,200 IU/kg. The VD in feedstuffs is found in the form of VD2, which has a small activity for poultry (17); thus, it was not considered in the calculation of the total VD3 in the diet. The cholecalciferol VD3 was of powder feed grade, a product of Polifar Group Limited, Nanjing, Jiangsu, China. The diets were formulated according to NRC (17). The diets met or surpassed the nutrient needs specified in the H&N new management guide (28). The experimental diets were analyzed using the official methods of analysis (29) dry matter, crude protein, ether extract, crude fiber, and ash.



Laying Performance

Daily records of laying rate (LR), feed intake (DFI), egg weight (EW), egg mass (EM), and mortality rate were recorded and used to calculate the production indexes in a 28-day period as follows:

[image: image]

Bodyweight change (BWC) was also estimated from the differences between the initial and final body weights during the testing period.



Egg Quality Measurements

Eggs (30 eggs per treatment) were selected randomly at 72 wk of age to represent equally all replicates and used in the determination of the exterior and interior egg quality characteristics, as cited by Burke and Attia (30) and Attia et al. (31, 32). These characteristics involved EW and its comparative constituents (albumen, yolk, and shell), Haugh units, yolk color score (YCS), yolk index (YI), shell thickness (ST), and egg-shape index (ESI). The eggshell quality was measured at three different points of the shell in the mid-point and at the two ends of eggs, and the values was used for the calculation of the mean value of egg shell thickness. Shell weight per unit surface area (SWUSA) was determined by dividing shell weight by the egg surface area (ESA; cm2). These measurements were done as reported by Burke and Attia (30) and Attia et al. (31, 32).

Scanning electronic microscopy (SEM) images of the eggshells were taken according to Stefanello et al. (33) using two samples of the eggshell of each egg collected at 72 wk of age. The number of eggshells was one per replicate of each of the nine treatments. Eggshell free of shell membrane was obtained after breaking open the eggs. The shell membrane was removed by immersion of the samples in a solution of 0.15% sodium hydroxide, 4.12% sodium chloride, and 6% sodium hypochlorite. Tap water was used to wash the shells, which were then air-dried at room temperature (27°C). The images were made using 0.5 cm2 of the membrane-free eggshell from each replicate of each treatment using a Shimadzu SS-550 Super Scan instrument (Shimadzu Corporation, EVISA, Kyoto, Japan).



Blood Parameters

Five milliliter blood samples were collected from wing vein of six hens per group of 72-wk-old in two blood tubes, with and without heparin. The hens used for measuring blood constituents were selected with hard shell eggs in the uterus. Blood samples were centrifugated at 1,716 g for 15 min to separate the plasma and serum, which were kept at 20°C until analysis. Serum total protein, albumin, globulin, triglycerides (Trig.), total cholesterol (TC), and high-density lipoprotein-cholesterol (HDL-C) were determined. Plasma calcium (Ca) and inorganic P (Pi), total antioxidant capacity (TAC), malondialdehyde (MDA), superoxide dismutase (SOD), and catalase (CAT) were measured. Aspartate aminotransferase (AST); Alanine aminotransferase (ALT); alkaline phosphate (AlkP); α-, β-, and γ-globulin; immunoglobulin IgG, IgM, IgA, estrogen, and parathyroid hormone (PTH) were also determined. The measurements were made using commercial diagnostic kits (34) as cited by Attia et al. (35, 36). The antibody titer for avian influenza and Newcastle disease virus were determined using commercial enzyme-linked immunosorbent assay (ELISA) kits as cited by Attia et al. (35, 36).



Reproductive Inner Organs

Five hens were randomly selected from each treatment and slaughtered according to Islamic methods (35). After complete bleeding, the hens were opened, and the ovary and reproductive tract were dissected. Then the weight of the ovary and oviduct parts (infundibulum, magnum, isthmus, and uterus) were recorded, and their proportions relative to the live bodyweight of the hens were estimated.



Statistical Analysis

The analytical processing of results was performed by using a two-way analysis of variance (Ca, VD3, and their interaction) of the GLM procedure of the Statistical Analysis System (37) using the replicate as the experimental unit. Data were transformed to arcsine to normalize the distribution. Differences between means were tested using the Student–Newman–Keuls test at P < 0.05 (37). The P-values between 0.10 and <0.05 were considered as a trend.




RESULTS AND DISCUSSION

Laying Hens Performance

Table 2 shows the influence of Ca and/or VD3 level on the production traits of laying hens during the late phase. Initial BW of laying hens was not different between the experimental groups, indicating a random distribution of hens; thus, data were not presented. The results suggest that Ca and/or VD3 levels had a significant effect on most laying performance traits, except for feed intake. EW was gradually increased with increasing Ca levels. The interaction effect indicates that increasing Ca level from 3.5 to 4 or 4.5% similarly improved LR, EM, FCR, EPI, and BWG. Increasing the Ca level from 3.5 to 4% did not influence EW, but a further increase to 4.5% increased EW; thus, the difference between 3.5 and 4.5% Ca groups was significant. These results reveal that 4% Ca was adequate for the performance of layers of 60–72 wk of age and confirmed the suggested Ca requirements (4.1% during 45–70 wk of age) in the H&N management guide (28) and those by Rao and Roland (38) and Zhang and Coon (39). These may differ due to the role of Ca in regulating the reproductive hormones and ovary growth (5). Nascimento et al. (40) found that there was no interaction between the different sources of vitamin D at a 2,000-IU/kg diet from VD3, 25-(OH)D3, 1,25-(OH)2D3, and four calcium levels from 2.85 to 5.25%, with intervals of 0.80% in all egg production traits. However, a significant quadratic component of the contrast analysis for the level of calcium in LR and FCR was observed, showing better productive characteristics at 4.12 and 4.09% Ca, respectively. In contrast, the level of Ca did not affect the EW. Nonetheless, the source of VD3 influenced (P < 0.05) LR, FCR, and EW, showing improved results of laying hens with 25-(OH)D3 and cholecalciferol (40).


Table 2. Productive performance of brown egg layers fed three levels of Ca, supplemented with three levels of VD3 from 60 to 72 wk of age.
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It was observed that of VD3 at a 1,000- and 1,200-IU/kg diet to 3.5 and 4% Ca diets significantly increased LR, EM, and improved FCR. In addition, VD3 supplementation at a 1,000- and 1,200-IU/kg diet to 3.5% Ca markedly increased the BWG of laying hens (Table 2). Increasing VD3 to 1,000 IU significantly increased EW, and the effect was saturated at this level. The addition of VD3 at 1,000 and 1,200 IU to different Ca levels increased the EPI of hens on different Ca levels except for hens fed 4.5% Ca supplemented with a 1,200-IU/kg diet. These results reveal that supplementation with 1,000 IU of VD3/kg diet or a total of 4,000 IU/kg is adequate for egg production traits of hens fed 3.5% Ca level.

The present observations indicate that VD3 content in the diet containing 3.5% with a total of VD3 at 3,000 IU/kg (Table 1) was not adequate for H&N Brown laying hens in the late phase. It should be mentioned that the H&N Brown nutrition management guide recommends 2,500 IU for laying during the laying period with no specific recommendations and/or considerations for each stage of laying. In addition, 3,000–5,000 IU of VD3 for laying hens during different stages of production was recommended (18). It is evident that as the metabolism of nutrients decreases with age (5, 41), the VD3 requirements should be reinvestigated in relation to stage of laying considering the impact of aging on VD3 requirements and due to VD3 and its metabolites playing a vital role in the uptake, deposition, and excretion of Ca (5, 21, 42). Likewise, other authors (5, 24, 27) showed similar findings. The VD3 is essential for the formation of Ca-bound proteins, which are involved in the active transport of Ca across the intestine (28), and in lipoprotein, the precursor of yolk formation (5, 20, 21).



Egg Quality Traits

The results indicate that Ca and the interaction between Ca and VD3 levels has significant effects on egg quality traits (Table 3).


Table 3. Exterior and interior egg quality traits of brown Egg layers fed three levels of Ca supplemented with three levels of VD3 from 60 to 72 wk of age.
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Substantial effects of VD3 on only the Haugh unit score, shape index, and shell quality traits were recorded. Similarly, VD sources such as VD3, and 25-(OH) D3 at 2,000 IU increased the Haugh unit score, following Nascimento et al. (40).

The interaction between Ca level and VD3 reveals that increasing the Ca level from 3.5 to 4 or 4.5% markedly and similarly increased the percentage of yolk, yolk:albumen ratio, Haugh unit score, shell percentage, ST, and SWUSA. The results indicated that 4% Ca was adequate for improving egg quality characteristics during the late stage of egg production and increasing the Ca level to 4.5% had no positive effects. The improvement in egg and shell quality traits of hens fed 4% Ca suggests an increased Ca availability for eggshell formation, in accordance with other researchers in this field (16, 40). This may be due to the role of Ca in regulating the reproductive hormones and ovary growth and its vital role in the eggshell formation and as a critical agent for preserving egg quality (5, 16, 21). It was cited that every increase in the quantity of available Ca may improve shell quality and bone-breaking strength, with the effect being linear (40, 43).

The supplementation with VD3 at 1,000 IU to 4% Ca diet substantially reduced the yolk percentage of hens on 4% Ca, compared to the same Ca group with 800 IU of VD3, and yolk:albumen ratio, compared to 800 and 1,200 IU. However, 1,000 IU of VD3 increased percentage of yolk, yolk:albumen ratio, and yolk color of those fed 4.5% Ca compared to the other groups at the same Ca level. The yolk index was significantly increased due to supplementation of 3.5% Ca with 1,000 and 1,200 IU VD3 compared to 800 IU added to the same level of Ca.

Albumen percentage showed a marked increase due to VD3 supplementation at 1,000 IU to 4.0% Ca, compared to the 800 IU of VD3 supplemented to the same level of Ca. On the other hand, 1,000 IU of VD3 significantly decreased albumen percentage of hens fed 4.5% Ca, compared to 800 IU of VD3 added to the same level of Ca. These changes are contrary to the changes showed in yolk percentage.

Haugh unit, the mirror of albumen quality, showed a considerable increase stepwise, with increasing VD3 addition to 3.5% Ca diet, but 1,200 IU of VD3 to 4% Ca diet significantly decreasing Haugh unit, compared to the other levels of VD3 supplemented to the same level of Ca. The effect of VD3 is dependent on concentrations of Ca level. The highest egg shape index was from hens fed 3.5% Ca level supplemented with 1,200 IU while the smallest was from hens fed 4.5% Ca supplemented with 1,000 IU of VD3. The fortification with VD3 at 1,000 and 1,200 IU to 3.5% Ca feed substantially increased the percentage of the shell and shell thickness similarly compared to those on 800 IU of VD3. The increase in the SWUSA was linear, maybe due to the correction for egg surface area (31, 32).

The effect of VD3 on eggshell quality of hens fed adequate Ca levels (4 and 4.5%) was less pronounced and depended on the type of measurements. These results demonstrated that the impact of VD3 on eggshell quality depends on dietary Ca level being more pronounced at inadequate Ca intake, according to other research (5, 21, 27). VD metabolites are essential for Ca-binding protein that involved in the active transport of Ca across the intestinal wall, which is essential for eggshell formation (5, 21, 23). The formation of Ca-binding proteins in different tissues (intestine, kidney, and uterus) required VD metabolites at both stages of transcriptional and post-transcriptional. Calcium-binding proteins enhance the absorption of calcium in the gut, recovery from the urine, and shell deposition (17, 20).

The electronic microscope images (Figures 1–9) showed an increase in ultra-structure of eggshell due to increasing Ca level and VD3 supplementation, as manifested by the different distribution of mammillary buttons, which became larger as the dietary levels of Ca and VD3 increased (Figures 2–9). The eggshell, evaluated by electronic microscopy, consists of several morphologically different regions and also contains thousands of gas exchange pores. The outermost layer is the cuticle that acts as a physical barrier to water and bacterial contamination. The specific nucleation sites on the outer surface of the outer shell membrane attract calcium salts for the formation of the calcified layers (cone or mammillary layer), which may be influenced by the enzymatic activity, and trace minerals act as cofactors of such a process. Each palisade column grows from one mammillary button, and as the calcification mechanism proceeds, they provide greater resistance to the shell (44).


[image: Figure 1]
FIGURE 1. SEM photo of the eggshell of laying hens fed the control diet of 3.5% Ca with 800-IU VD3/kg diet. The figure shows a low density of mammillary buttons, which results in a reduction of strength, according to the significantly lowest eggshell thickness and SWUSA (P < 0.05) recorded in this experimental group. It is important to underline the great relative interstitial area between mammillary formations, which makes the egg more susceptible to breaking along these cracks.



[image: Figure 2]
FIGURE 2. SEM photo of the eggshell of laying hens fed a diet containing 4.0% Ca with 800-IU VD3/kg diet. Compared to Figure 1, a slight increase in the number of mammillary buttons associated with an increase of the larger size can be detected.



[image: Figure 3]
FIGURE 3. SEM photo of the eggshell of laying hens fed a diet containing 4.5% Ca with 800-IU VD3/kg diet. It is possible to observe an increase in the number of mammillary buttons, compared to Figure 1, by increasing only the levels of Ca.



[image: Figure 4]
FIGURE 4. SEM photo of the eggshell of laying hens fed a diet containing 3.5% Ca with 1,000-IU VD3/kg diet. This figure shows a similar mammillary buttons distribution, but the interstitial area seems less evident than in Figure 1.



[image: Figure 5]
FIGURE 5. SEM photo of the eggshell of laying hens fed a diet containing 4.0% Ca with 1,000-IU VD3/kg diet. In this figure, it is possible to observe a greater relative interstitial area between mammillary formations that negatively influences the strength of the eggshell. The higher interstitial area is an indicator of the degree of elasticity of the eggshell.



[image: Figure 6]
FIGURE 6. SEM photo of the eggshell of laying hens fed a diet containing 4.5% Ca with 1,000-IU VD3/kg diet. Compared to Figure 5, a reduction of the interstitial area between mammillary buttons was observed, but no differences were detected concerning the mammillary buttons density.



[image: Figure 7]
FIGURE 7. SEM photo of the eggshell of laying hens fed a diet containing 3.5% Ca with 1,200-IU VD3/kg diet. In this figure, it is possible to observe that rather than Ca percentage, VD3 is responsible for the size of mammillary buttons.



[image: Figure 8]
FIGURE 8. SEM photo of the eggshell of laying hens fed a diet containing 4.0% Ca with 1,200 IU-VD3/kg diet. In this figure, it is possible to observe the highest density and percentage of mammillary buttons in the eggs from laying hens fed the diet with the 4.0 and 4.5% Ca and 1,200 IU VD3, according to the highest (P < 0.05) shell thickness and SWUSA.



[image: Figure 9]
FIGURE 9. SEM photo of the eggshell of laying hens fed a diet containing 4.5% Ca with 1,200-IU VD3/kg diet. In this figure, it is possible to observe the highest density and percentage of mammillary buttons in the eggs from laying hens fed the diet with the 4.0 and 4.5% Ca and 1,200 IU VD3, according to the highest (P < 0.05) shell thickness and SWUSA.


The increased strength of shells, as well as the reduction in the egg loss, is an important goal that has economic importance in commercial terms. The quality of the eggshell has been considered to be affected by organic components particularly protein (9, 10) and the inorganic components (45). Therefore, the palisade layer comprises approximately two-thirds of the entire thickness of the shell (46). In this regard, the palisade layer showed a linear reduction in the number of mammillary buttons in the eggshell of hens fed, increasing Mn, Zn, and Cu levels (33). As reported by Stefanello et al. (33), supplementation with organic trace elements can exert an influence on the formation of the palisade layer, resulting in larger mammillary buttons. Our results showed that the group fed a diet containing 3.5% Ca supplemented with 800 IU VD3 had a clutter on the distribution of mammillary buttons on the inner surface of the shell (Figure 1). From these results, we can speculate that the palisade layer and the number of mammillary buttons present in the shell may also influence the quality of the shell.



Plasma and Tibia Minerals Content

Table 4 shows the influence of dietary Ca and VD3 on plasma minerals and tibia characteristics. Dietary Ca and/or VD3 levels did not affect plasma Ca, Pi, and Ca:Pi levels.


Table 4. Blood plasma minerals and tibia characteristics of 72-wk-old brown egg layers fed three levels of Ca supplemented with three levels of VD3 from 60 to 72 wk of age.
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This indicates that Ca and VD3 in the control diets (3.5% Ca and 800 IU of supplemented VD3 or as a total VD3 at a 3,800-IU/kg diet) were adequate to maintain plasma Ca and Pi concentation at normal levels. Also, Nascimento et al. (20, 40) demonstrated that there were no effects of VD sources at 2,000 IU from VD3, 25- (OH) D3, and 1, 25 (OH)2 D3 on plasma Ca. Also, Susanna et al. (47) observed that dietary VD3 at 3,000 IU from a single source or at 1,500 IU of each VD3 and 25 (OH) D3 did not affect plasma Ca level, but decreased plasma Pi of 34-wk-old laying hens. This may be due to hormonal control of Ca and Pi via parathyroid and calcitonin (21, 41, 48).

It was found that ash, Ca, and Pi were affected significantly by dietary Ca and VD3 levels, but the impact interfered with the interaction between the two variables. Also, tibia Ca: Pi was affected only by nutritional Ca levels, showing that the Ca:Pi ratio was significantly similarly decreased due to Ca increasing above 3.5%. Increasing Ca level from 3.5 to 4 and 4.5% within the unsupplemented diets significantly and similarly increased tibia ash, Ca, and Pi, showing response saturation at 4% Ca. This suggests that 4% Ca was adequate for bone calcification (5, 37–41). The supplementation of the 3.5% Ca level with VD3 at 1,000 and 1,200 IU significantly increased tibia ash and Ca in a stepwise manner and similarly increased Pi. This indicates that supplementation with VD3 is beneficial for laying hens from 60 wk of age on for bone calcification (16, 20). These may be due to the role of VD3 and its metabolites in the bone matrix (20, 41). It was observed that increasing the VD3 supplementation to 1,000 and 1,200 IU within 4 and 4.5% Ca levels did not affect tibia ash and Ca and Pi contents. These results indicate that the response to VD3 depends on the dietary Ca levels (5, 14).



Serum Lipid Metabolites

The effect of different dietary Ca and/or VD3 levels on most of the blood serum lipid metabolites was not significant, except for triglycerides, vLDL, and triglyceride:HDL ratio and approached significant for HDL (Table 5).


Table 5. Blood serum lipid metabolites of brown egg layers fed three levels of Ca supplemented with three levels of VD3 from 60 to 72 wk of age.
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The results demonstrated that Ca levels at 4% considerably decreased triglycerides and vLDL compared to 3.5% Ca. Besides, 4 and 4.5% Ca concentrations substantially decreased serum triglyceride:HDL, compared to 3.5% Ca. Also, this associated with an increase in HDL with increasing Ca level. These decreases could be attributed to the increase in the daily egg mass output of hens fed 4 and 4.5% Ca, due to the use lipoproteins for yolk formation. Lipoproteins, particularly very low density lipoprotein yolk (VLDLy) were formatted under the influence of estrogen. The yolk precursor is synthesized in the liver and transported to the ovary for yolk formation, which would be increased with increasing LR (1, 26, 49).



Serum Protein Fractions and Liver Index Enzymes

Table 6 displays the impact of different Ca and VD3 levels on serum protein fractions and liver indices for leakage enzymes. There were no effects of different Ca levels on serum albumin, AST, ALT, and alkaline phosphatase. The increase in Ca level induced a similar increase in the total serum protein, globulin (specific immune protein) and α-2-globulin compared to 3.5% Ca, but similarly decreased the serum albumin (non-specific immune agent)/globulin ratio and the AST:ALT ratio. These results indicate that Ca is an essential element for the immunity of laying hens, as manifested by the increase in serum total protein and globulin (50–52). Ca deficiency in laying hens can cause bone diseases such as cage layer fatigue and osteoporosis (1, 5, 18, 26).


Table 6. Blood serum protein fractions and indices of liver leakage enzymes of brown egg layers fed three levels of Ca, supplemented with three levels of VD3 from 60 to 72 wk of age.
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Dietary VD3 did not influence the albumin/globulin ratio, α-1- and α-2-globulin, β-globulin, γ-globulin, ALT levels, the AST:ALT ratio, and alkaline phosphatase level. Besides, the serum protein fractions and liver index leakage enzymes are not affected by the interaction between the two variables.

It was found that increasing VD3 to a 1,000 and 1,200-IU/kg diet substantially increased total protein and globulin, compared to an 800 and 1,000 IU/kg diet, increased serum albumin compared to an 800 IU/kg diet. The immunomodulatory, anti-inflammatory, and anti-coccidia activity of VD3 or its metabolites have been reported in chickens (20, 23–26, 51, 52) and chicken cells (25, 27, 28). The antibody is proteomic in nature, and the increase in total protein and globulin levels supported the hypothesis that increasing Ca, and VD3 improves the immunity of laying hens, perhaps due to the protection from bone disease [rickets, osteoporosis, and cage layer fatigue (20, 41, 53)]. VD has an essential task in maintaining immunity and communication between the adaptive and innate immunity systems by affecting vitamin receptors of VD and activating enzymes (20, 54, 55).

The interaction effect indicates that the highest β-globulin was seen in groups fed 3.5 and 4% Ca, supplemented with 1,000 and 1,200 IU VD3, respectively, while the lowest values were from hens fed 4 and 4.5% Ca, supplemented with 1,000 and 800 IU VD3, respectively.

The γ-globulin, the material antibody, was significantly higher in hens fed 4.5% Ca than in hens fed 4% Ca when the unsupplemented groups were compared. Besides, supplementation of 4% Ca with 1,200 IU VD3 significantly decreased γ-globulin, compared to 1,000 IU VD3 supplementing the same Ca concentration. Also, supplementation of 4.5% Ca with 1,000 and 1,200 IU VD3 significantly decreased serum γ-globulin compared to 800 IU supplementation of the same Ca level.



Immunoglobulin and Antibody Titer

Table 7 shows the effect of different dietary Ca and/or VD3 on blood plasma antioxidant enzymes and antibody titer. There was no effect of Ca level on most of the evaluated immune responses and antioxidant indices, except for serum IgG and IgA, plasma estrogen, and catalase (CAT). The results indicate that increasing Ca levels to 4 and 4.5% similarly increased IgG compared to 3.5% and raising the Ca level caused a gradual increase in serum IgA. Dietary Ca concentration affects plasma estrogen and Ca and VD3 influence CAT, but the effect was confounded by the significant interaction between dietary Ca and VD3 levels.


Table 7. Blood serum immunity parameters and some hormones of brown egg layers fed three levels of Ca supplemented with three levels of VD3 from 60 to 72 wk of age.
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The lack of significant effects of VD3 on most immune responses (the type of globulin, immunoglobulins, and antibody titer), rather than total serum protein, albumin, and globulin, may indicate that the control diet supplemented with 800 IU, or a total VD3 of 3,800 IU, contains adequate VD3 to maintain the basic immune function. This may offset the effect of supplemented cholecalciferol on cellular and humoral immunity. This was further established by the lack of bone disease such as osteoporosis and cage layer fatigue in laying hens kept in cages under hot weather conditions. Such disorders indicate inadequate dietary VD3 (1, 20, 26).

In the literature, VD3 is reported to have many properties, such as antioxidant, immunomodulatory, anti-inflammatory, antiviral, antibacterial, anti-allergy, and cancer prevention activities (10–12). In poultry, the role of VD3 in Ca and Pi metabolism is fundamental for the development of bone and eggshell formation. In this regard, Rodriguez-Lecompte et al. (26) demonstrated that both VD3 and 25-(OH) D have strong immunomodulatory effects, such as increased positive helper T cell (Th2) response and autophagy. Laying hens kept under high environmental temperatures, such as those observed herein, are highly susceptible to infectious diseases, due to low immunity (49). Aslam et al. (56) found that VD deficiency decreases the cellular immune response in broilers. The literature reports that VD3 or 25-hydroxycholecalciferol has an anti-inflammatory activity in bird immune cells following the administration of lipo-oligosaccharides [LPSs (20, 57–60)]. Despite this, little attention has been paid to the influence of dietary VD3 supplementation or its deficiency on immune response and blood biochemistry of laying hens challenged with LPSs, or the mechanisms of action, although the anti-cancer and anti-inflammatory effects of VD3 are well-documented (17, 61–64).



Plasma Hormones

The effect of Ca level and interaction between Ca level and VD3 was seen on levels of plasma estrogen (Table 7). It is clear that increasing Ca level from 3.5 to 4 or 4.5% increased plasma estrogen. Plasma PTH was not influenced by dietary Ca and/or VD3 concentrations. This indicates that the control diet (3.5% Ca and 3,800 IU VD3) contains adequate Ca and VD3 to maintain the normal level of PTH, which, together with 1,25-(OH)2D3, and controls calcium absorption in the digestive canal and calcium resorption from the bones and excretion to maintain Ca balance (1, 21, 26).

It was found that increasing Ca levels to 4 and 4.5% within the unsupplemented groups significantly, and similarly, increased plasma E2 compared to the 3.5% level. There were no significant changes in plasma estrogen within each Ca level or across different levels of Ca as a result of supplementation with VD3 when the corresponding levels were compared. The lowest E2 level was in hens fed 3.5% Ca supplemented with 800 IU of VD3, while the highest was from hens fed 4 and 4.5% Ca, supplemented with 800 and 1,200 IU of VD3. These findings demonstrate that a Ca level of 4% was adequate when supplemented with 800 IU of VD3 to enhance E2. The metabolism of Ca in laying hens is controlled by E2, PTH, and calcitonin (5, 21), and the increase in E2 was associated with increasing performance and eggshell quality (Table 7).



Antioxidant Status

No effect was found on most of the antioxidant indices (TAC, MDA, and SOD) with Ca levels, except for CAT. Dietary Ca and VD3 concentration affected plasma CAT, but the effect was confounded by the significant interaction between dietary Ca and VD3 levels (Table 7). It was found that increasing the VD3 level to 1,000 and 1,200 IU in the 3.5% Ca group increased CAT to some extent. There no significant difference in CAT levels among different VD3 levels or within or between different Ca levels. These results show that the impact of VD3 on CAT depends on the dietary Ca concentration. Hence, antioxidant enzymes such as CAT need an adequate quantity of Ca and VD3 to be maintained for laying hens of 60–72 wk of age.



Ovary and Reproductive Organs

The results of the relative weight of ovary and reproductive organs as affected by different Ca and VD3 concentrations are presented in Table 8.


Table 8. The length of parts of the female reproductive system of brown egg layers fed three levels of Ca supplemented with three levels of VD3 from 60 to 72 wk of age.
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The Ca level in diet had an impact (P < 0.05) on the percentage of the ovary, magnum, the isthmus, and the absolute oviduct length (cm), and VD3 concentrations showed a marked influence on the relative weight of the ovary and isthmus and the oviduct length. These impacts were confounded by the interaction between Ca and VD3.

The results of the interaction indicate that increasing Ca levels with the groups supplemented with 800 IU of VD3 significantly increased the relative weight of ovary and isthmus and absolute length of the oviduct, compared to the control diet containing 3.5% Ca and 3,800 IU of total VD3, but decreased the magnum percentage. It was found that elevating the VD3 concentrations to 1,000 (4,000 IU as total VD3) and 1200 IU (4,200 IU as total VD3) within the 3.5% Ca level similarly elevated the relative weights of ovary and isthmus and the absolute oviduct length, but decreased the relative weight of the magnum. These changes in ovary and oviduct, except for the magnum, reflected the positive changes in E2 and enhanced the laying performance of hens fed 3.5% Ca when supplemented with 1,000 or 1,200 IU of VD3.

In conclusion, increasing dietary Ca levels in laying hens up to 4% during the late production phase could be a useful tool to improve laying performance, eggshell quality, Haugh unit, and physiological and immunological status. Besides, supplementing 3.5% Ca diets with 1,000 IU of VD3 or a total 4,000 IU/kg diet VD3 improved performance of hens fed 3.5% Ca level during late stage of production (60–72 wk of age), showing that the impact of VD3 depends on dietary Ca concentrations.
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ma/L mg/dL Ratio ratio
Calcium level
35% Ca 27.3 661 413 62.5° 30.6° 12.8° 2412
4.0% Ca 27.9 651 428 64.0° 2.7 14.6° 225°
45% Ca 280 6.39 441 64.6° 32.7% 14.72 223°
VD; level
8001U 276 654 421 63.1° 31.3° 13.50 234
1,000 U 27.6 6.66 416 63.8° 32.22 1420 225
1,200 1U 279 6.30 4.44 64.22 32,6 1430 230
Interaction Ca x VD; effect
35800 263 6.24 421 60.9° 28.7° 115 250
3.51,000 275 7.02 392 62.7° 31.0° 13.3° 233
351,200 280 656 427 63.9° 3220 13.5° 239
40800 27.9 655 426 64.0° 32.8° 145% 226
401,000 27.6 6.68 413 63.9° 33.0° 14.5% 228
401,200 28.1 6.32 445 64.12 32,3 147 221
45800 285 6.85 416 64.4 32.3° 145% 224
451,000 278 628 443 64.6° 2.7 1520 215
451,200 278 6.03 461 64.6° 3312 144 2.30
Statistical analyses
SEM 0.905 0317 0.182 0.267 0.345 0.353 0.064
P-values
Ca 0.544 0.706 0.147 0.001 0.001 0.001 0.003
VDs 0.852 0.386 0.082 0.001 0.001 0015 0.304
Interaction 0.688 0.288 0.407 0.001 0.001 0.030 0.353

ab2\eans in the same column under the same effect with different superscripts are significantly different (P < 0.05). SEM, standard error of the means; Ca, calcium; Pi, inorganic
phosphorus; Ca:Pj, calcium to inorganic phosphorus ratio.
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Treatments Yolk,%  Albumen, Y:Aratio Haughunit Yolkindex Yolkcolor  Shape Shell, % Shell SWUSA,

% score index thickness, um  mg/cm?
Calcium level
35% 27.8° 63.6° 0.433° 75.7° 35.2° 7.5 845 8.92° 426 67.1°
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VD; level
800 1U 298 605 0.495 78.4° 321 7.78 845 9.78° 430 69.9°
1,0001U 298 60.1 0.498 80.6° 32.7 7.87 83.6° 10.12 466° 7140
1,2001U 29.7 60.1 0.456 80.5* 324 784 84.0% 103 463° 73.12
Interaction Ca x VD; effect
35800 27.49 64.1° 0.429° 70.6% 34.0° 7.47° 84.4% 8.47¢ 3559 62.4°
3.5 1,000 2774 63.3° 0.439° 738 36.6° 7.67° 83.9%¢ 9.02° 47 67.7¢
351,200 27.48 63.4° 0.432¢ 79.3° 35.8° 7.47° 85.3° 9.28° 456° 7120
40800 31.3% 58.2 0.537% 8212 31.3° 8.00% 84.8% 105° a75° 78.8°
4.01,000 30.2° 59.4° 0.508° 82.1° 31.4° 7.53% 84.3% 10.4° 454° 7120
4.01,200 30.9%° 58.6°¢ 0.529° 79.7° 30.4° 833 83.8%¢ 10.4° 4712 7245
45800 306 59.0% 0518 82.7% 31.1¢ 7.87° 84.3%¢ 10.40 apge 73.9%
451,000 316 s7.79 0.548° 826° 3110 8.40° 825° 10.8% a76° 75.40
451,200 306 58.3% 0526 826° 31.1¢ 7.78° 83.1% 111 apake 7.7
Statistical variance
SEM 0219 0.264 0.005 0.682 0.407 0.138 0.422 0.120 392 0527
P-values
Ca 0.001 0.001 0001 0.001 0001 0.001 0001 0.001 0.001 0.001
VDs 0645 0.162 0787 0.001 0.240 0717 0.036 0.001 0.001 0.001
Interaction 0.001 0.001 0001 0.001 0021 0.001 0040 0.002 0.001 0.001

a59eans in the same column under the same effect with different superscripts are significanty diferent (P < 0.05). SEM, standard eror of the means; Y, A ratio; yolk, albumen
ratio; SWUSA, shell weight per unit surface area.
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Treatments Total protein, Albumin, Globulin, Albumin: ol-Glob, %  «2-Glob,% - Glob,% y-Glob, % AST, ALT, AST/ALT AlkP,

gldL g/dL o/dL Globulin urdL urdL ratio urdl
ratio

Calcium level
35% Ca 551° 294 257 1.15° 574 428" 6.40 422 8.2 251 0.30° 82.7
4.0% Ca 6.04° 284 3.19° 0.89° 536 532 758 385 88.2 236 0.27° 852
45% Ca 6.13° 294 3.18° 0.92° 560 6.23° 662 39.4 87.9 223 0.25° 845
VD; level
8001U 5.50° 273" 278" 0.99 520 508 5.89 a7 85.9° 229 027 86.6
1,000 1U 6.15% 3.09* 205° 1.03 582 5.41 752 408 85.3° 238 028 822
1,2001U 6.03* 2.80% 313 0.94 568 533 7.49 376 90.12 24.4 027 83.7
Interaction Ca x VD; effect
35800 491 259 231 113 458 3.46 5.57% 43.3% 86.8 257 0.30 8.5
351,000 5.83 3.16 2.66 119 506 453 9.03 43.0% 787 247 032 81.0
351,200 579 306 274 112 759 468 a.62% 40.4%¢ 90.0 249 028 81.7
4.0800 577 284 293 0.97 7.02 521 8.10% 37.3% 8.5 218 025 87.9
401,000 625 301 324 0.93 5.42 583 529° 43.2% 89.4 236 026 812
401,200 6.09 268 3.42 079 364 492 9.34 34.9° 89.8 249 028 86.6
45800 583 275 3.08 0.89 401 6.43 3.99° 445 85.4 213 025 86.3
451,000 6.36 312 324 0.97 698 588 8.26% 36.1° 87.8 231 026 84.4
451,200 6.19 294 324 0.90 581 639 7.60% 37.6% 903 225 025 827
Statistical variance
SEM 0.197 0.151 0.103 0.057 1138 0.655 0992 154 2219 1628 0016 3075
P-values
Ca 0.0005 0.647 0.001 0.001 0918 0.003 0316 0014 0213 0.126 0.0126 0592
VD3 0.0004 0012 0.0004 0.125 0.785 0.761 0.117 0.007 0.027 0.662 0501 0214
Interaction 0538 0.333 0562 0.471 0056 0571 0001 0.001 0058 0756 0.562 0.827

b Means in the same column under the same effect with different superscripts are significantly different (P < 0.05). SEM, standard error of the means; 1-globulin, alpha 1-globulin; «2-globulln, alpha 2 globulin; B-globulin, beta-globulin;
y-globulin, gamma-globulin; AST, aspartate aminotransferase; ALT, alanine aminotransferase; AST, ALT ratio, aspartate aminotransferase:alanine aminotransferase ratio; AP, alkaline phosphatase.
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Treatments Cho, mg/dL  Trig, mg/dL  HDL, mg/dL vLDL, LDL, mg/dL  Trig: HDL LDL: HDL  Cholesterol Cholesterol

mg/dL Ratio Ratio risk factor  lowering factor
Calcium level
35% Ca 183 150° 576 209° 95.7 2,62 168 192 321
4.0% Ca 180 140° 57.6 26.6° 96.4 2320 1.67 1.89 3.14
45% Ca 185 133 62.4 27.9% 95.3 2240 154 195 299
VD; level
800U 182 142 585 283 955 243 164 1.91 313
1,0001U 183 142 50.7 284 94.9 239 161 193 3.09
1,2001U 183 139 58.4 278 959 235 164 191 311
Interaction Ca x VDs effect
35800 182 149 556 297 97.1 269 1.76 1.89 3.30
351,000 183 154 579 30.7 944 268 164 194 3.7
351,200 184 147 59.3 294 95.7 2.49 164 1.93 314
40800 182 138 58.7 275 95.3 234 162 191 3.09
401,000 179 133 56.8 265 958 234 1.7 1.88 3.18
401,200 178 129 57.3 259 95.1 227 168 1.88 3.14
45800 183 139 61.2 277 94.4 226 156 1.94 299
451,000 187 140 645 27.9 948 247 149 198 293
451,200 187 141 61.6 282 96.9 229 158 1.92 3.04
Statistical variance
SEM 4.485 5974 2711 1195 3.258 0.091 0.101 0.053 0.111
P-values
Ca 0.253 0.007 0.058 0.007 0986 0.001 0.184 0372 0.069
VD; 0971 0.844 0.857 0.844 0941 0.550 0.931 0.867 0911
Interaction 0924 0.847 0.778 0.847 0.954 0.544 0811 0.905 0.771

@5 \eans in the same column under the same effect with different superscripts significantly different (P < 0.05). SEM. standard error of the means; Cho, cholesterol; Trig, triglycerides;
HDL, high density lipoprotein; vLDL, very low density lipoprotein; LDL, low density lipoprotein; Trig:HDL ratio, triglyceriide:high density lipoprotein ratio, LOL:HDL ratio, low density
lipoprotein:high density lipoprotein ratio.
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Treatments
Laying
rate,%
Calcium level
35% 72.6°
4.0% 76.3°
4.5% 74.1°
VD; level
800U 70.6°
10001U 76.6°
12001U 7570
Interaction Ca x VD; effect
3.5 800 66.4°
351,000 7742
351,200 74.2%
40800 72.8°
401,000 780°
401,200 78.0°
4.5800 72.7°
451,000 74.9%
451,200 74.8%
Statistical analyses
SEM 114
P-values
Ca 0.001
VDs 0.001
Interaction 0.001

Egg
weight, g

74.2°
75.1°
76.4°

73.3°
76.5*
75.9°

714
758
75.4
735
759
75.8
752
T
765

0.762
0.001

0.001
0.079

Egg mass,
g/day

54.0°
57.4%
56.7%

51.9°
68.7%
57.6*

47.5°
58.5%
56.1%®
53.5°
59.3%
59.3*
54.6%
58.2%
57.3%

124
0.001

0.001
0.001

Productive performance

Feed intake,
glday

104
104
104

267

0.953
0.094
0.499

Feed conversion
ratio, kg/kg

1.98°
1812
1812

1.99°
1770
1.82°

2.14%
1.794
1.8704
1.98°
1.75°
1.77%
1.89%
1.78%
1.820%

0.029
0.001

0.001
0.001

Egg production
index

28.4°
31.9*
31.22

26.4°
32.3
31.8°

22.2°
32.8%
30.30%4
27.8¢
34.12
|7
29.1%9
32.9%
31.69¢

151
0.001

0.001
0.002

ab.cd8\eans in the same column under the same effect with different superscripts are significantly different (P < 0.05). SEM, standard error of the means.

Bodyweight
gain, g

608>
710°
7212

576°
748°
715°

375°
7212
7272
704
775°
685°
650"
7472
7372

392
0.001

0.001
0.002
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Ingredients (g/kg) Calcium level (g/kg)

35 40 45
Ground yellow corn 628 625.1 6202
Soybean meal, 44% CP 245 236 215
Corn gluten meal, 60% CP 127 19 35
Ground limestone 83 % 109
Dicalcium phosphate 120 120 120
Vitarmin and mineral Premix® 30 30 30
Sodium chloride 30 30 30
L-Lysine-HCI 0.4 05 10
DL-Methionine 19 19 18
Sand 110 35 00
Total 1,000 1,000 1,000
Calculated analysis and determined values (as fed basis), g/kg
Metabolizable energy (ME), 11.30 1130 11.30
MJ/kg?

Crude protein® 17 172 171
Dry matter® 902 899 900
Ether extract® 315 318 319
Crude fiber® 274 250 227
Non-phytate phosphorus® 343 3.41 3.36
Calcium® 353 402 454
Methionine® 473 4.76 4.76
Methionine + Cystine® 762 7.65 7.68
Lysine® 867 856 854
Ash® 101 114 128
Nitrogen-free extract® 731 567.4 558.2
Total vitamin Ds, 1U/kg® 3,000 3,000 3,000

Each 3kg of premix contained: Vit A, 12 millon 1U; VDs, 1 millon IU; Vi, E, 20g; Vit. K,
3; Vit. By, 3g; Vit. By, 8; Vit. Bs,3g; Vit. Bz, 15 mg; Ca pantothenate, 12g; niacin, 40g;
folic acid, 1.5g; biotin, 50mg; choline chioride, 600g; Mn, 80g; Zn, 75g; Fe, 40g; Cu,
10;1, 29; Se, 0.3g; Co, 0.25; and CaCos as a carrier. ®Determined values. *Calculated
analysis.
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Treatments Ovary, % Oviduct, cm Infundibulum, % Magnum, % Isthmus, % Uterus, %

Calcium level

35% Ca 59.2° 68.6° 8.42 51.6° 19.4° 12,0
4.0% Ca 62.8° 73.40 795 50.6° 2047 125
45% Ca 62.4° 753" 809 50.4° 207 122
VD level

800U 68.6° 70.7° 830 512 19.9° 122
1,000 U 735° 73.4% 826 512 19.6° 123
1,200V 753 735° 7.90 503 21.0° 122
Interaction Ca x VD; effect

35800 52.4° 64.3 899 5342 17.70 16
351,000 62.5° 69.6° 8.43 51.2 1922 125
351,200 62.9° 71.9% 783 503 2112 19
40800 62.2° 73.9% 7.80 49.8° 2142 127
401,000 64.2° 73.4% 827 50.9° 19.1% 126
4.01,200 61.7% 73.0% 7.76 51.0° 2112 121
45800 60.7% 74.1% 808 50.2° 208° 122
451,000 63.5° 76.3° 807 51.4° 2047 19
451,200 62.8° 756° 8.12 49.6° 209° 126
Statistical variance

SEM 116 0813 0293 0575 0.487 0.364
P-values

Ca 0001 0.001 0.146 0,025 0.006 0.327
VD3 0.001 0.034 0218 0.105 0.003 0.848
Interaction 0001 0.001 0.190 0.004 0.002 0.139

abed\Means in the same column with different superscripts are significantly different (P < 0.05). SEM, standard error of the means.
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Treatments 16G, IgM, 1A, HIAL, HIND, Estrogen,  PTH,ng/ml MDA, TAC, MDA/TAC soD, car,
mg/di mg/di mg/di Log2 Log2 Pg/ml nmol/ml nmol/ml Ratio U/mih U/mi/h

Calcium level

35% Ca 464° 134 164° 233 333 162 217 219 175 12.8 76.1 47.2°
4.0% Ca 533 131 1656° 213 3.80 190° 212 19.1 176 11.0 745 54.0°
45% Ca 548° 187 176% 2.40 353 186% 217 195 163 122 80.8 57.6°
VD; level

8001U 512 185 165 240 3.60 177 221 214 168 129 74.4 52.8°
1,0001U 511 135 166 220 353 173 2.09 199 166 124 786 525
1,2001U 522 131 163 227 3.53 189 2.16 196 179 1.0 78.4 53.6%
Interaction Ca x VDs effect

35800 407 135 151 220 3.00 134 2.40 238 159 153 756 4120
351,000 485 136 155 220 3.60 175% 2.09 215 179 124 75.4 51.2%
351,200 499 182 156 260 3.40 1779 199 20.4 185 114 7.2 49.3%
40800 542 130 164 2.40 420 199° 189 191 180 109 705 57.2
4.01,000 500 126 165 220 3.60 175% 247 19.6 171 16 77.9 48.4%
401,200 558 137 167 180 3.60 196° 229 186 176 106 75.1 56.5°
45800 586 140 179 2.60 3.60 196° 232 203 165 12.8 774 50.8°
451,000 548 142 179 220 3.40 169% 202 185 149 126 824 57.9°
451,200 510 128 165 2.40 3.60 1940 218 196 1.76 1.2 83.0 55.8°
Statistical variance

SEM 334 5.1 52 0.245 0.389 10.4 0221 1.46 0092 1.15 318 257
P-values

Ca 0.008 0.391 0.002 0.391 0348 0.005 0943 0.055 0201 0.166 0.054 0.001
VDs 0.901 0817 0658 0599 0971 0.166 0832 0.404 0.197 0.123 0.201 0.001
Interaction 0.097 0.178 0318 0.289 0574 0016 0.428 0743 0265 0.389 0.786 0.001

b Means in the same column with different superscripts are significantly different (P < 0.05). SEM, standard error of the means; IgG, immunoglobulin G; IgM, immunoglobulin M; IgA, immunoglobulin A; HIAI, hemagglutination-inhibition
test for avian influenza; HIND, hemagglutination-inhibition test for Newcastle disease virus; PTH, parathyroid hormone; MDA, malondialdehyde; TAC, total antioxidant capacity; SOD, superoxide dismutase; CAT, catalase.
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Egg production index =(Average egg mass/day x percent

survival rate)/Feed conversion rate x 10.





