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Egg yolks’ enrichment in carotenoids and their color improvement through Bixa orellana grains incorporation in laying hens’ diets
[bookmark: _Hlk208645788]

Abstract
[bookmark: _Hlk209047652]Bixa orellana (Bo) grains were put into laying hens’ diets for carotenoid enrichment and improvement of egg yolk color. So, 90 -old Isa Brown of 22-week were divided into 6 groups. The different groups received diets consisting of 2 controls of 55.5%YC (yellow Corn), and 55.5% WC (white corn) and four (4) others diets, enriched with B. orellana grains for 0.5% (WC+0.5%Bo), 1% (WC+1%Bo), 1.25% (WC+1.25%Bo), 1.5% (WC+1.5%Bo). As a result, B. orellana grains had no adverse effect on hens’ laying rates. Moreover, diets with Bo had the best laying rate between 81.49 and 84.46%. Again, the eggs obtained with B. orellana diets weighed between 50.58 and 52.12 g, while those from 55.5%YC weighed and that of. The 55.5%WC diet obtained the smallest egg yolk with 11.54±0.17 g against 12.58±0.17g the heaviest in the WC+0.5%Bo diet. For coloration the b* component was higher in the B. orellana diets with 24.28±0.54 to 18.54±0.54. The WC+1.5%Bo diet had the highest color score with 11. The incorporation of B. orellana grains did not contribute to reducing total cholesterol in egg yolk. Carotenoid concentrations were higher in egg yolks of diets containing Bixa orellana grains from 18.21±0.41 to 20.90±0.41μg/g than 55.5%YC diet for 7.63±0.41μg/g and 0.31±0.1μg/g with 55.5%WC. In conclusion, WC+1.5%Bo diet could be considered as the best incorporation rate of Bixa orellana grains in a white corn-based diet. B. orellana grains use in diets allows enriching table eggs with carotenoids.
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Introduction
[bookmark: _Hlk209049323]Eggs are produced for the production of chicks on the one hand and on the other hand as an important source of nutrients for humans [1]. Chicken eggs are considered one of the most complete foods for humans and are an excellent source of high-quality proteins, lipids, vitamins and minerals [2]. In Côte d'Ivoire, table eggs’ consumption has reached 64 eggs per person per year [3] and projections are estimated at 100 and 150 eggs’ consumption per person per year by 2030 [4]. This is not only to cover the needs for table eggs but also to put better quality products on the market by exploiting local plants that have health benefits. Indeed, plant products are potential sources of nutrients and secondary metabolites that could improve the livestock products’ quality [5; 6]. Secondary metabolites such as carotenoids are fat-soluble compounds that offer considerable health benefits [7]. They are dietary antioxidants that can potentially reduce the risk of certain diseases. Carotenoids are used as feed additives for poultry to improve egg yolk color and their nutritional quality. Some plant fruits such as annatto grains account for 70% of all natural coloring agents consumed worldwide [8; 9; 10]. The majority of carotenoid molecules in B. orellana grains are bixin and norbixin, which give them their orange to red color [11]. They are also an important source of nutrients [12] and incorporated into various foods could contribute to their enrichment in nutrients [13]. Several studies have been conducted on the nutritional value of these plants as well as their use in human food. However, their use in livestock farming would be limited, particularly in poultry farming, whose products are consumed in all societies because they are not subject to any prohibition. Some studies have been conducted on the incorporation of B. orellana grain meal into laying hens' diets. However, this test was conducted to evaluate the effects of whole B. orellana grains on the performance and egg quality of laying hens.
1 Materials and Methods
1.1 Experiment design
The essay took place at the graduate School of Agronomy, at National Polytechnic Institute Félix Houphouët Boigny (INP-HB) in Yamoussoukro, Cote d’Ivoire. The region climate is characterized by four (4) seasons including a long dry season from December to February, a long rainy season from March to June, a short dry season from July to September, and a short rainy season from September to November. The biological material consisted of Isa Brown strain (Gallus gallus domesticus) laying hens. The day-old chicks were purchased from the Ivorian Company of Animal Production (SIPRA), and were raised to production age. A group of ninety (90) selected laying hens of 22 weeks of age, with an average weight of 1490.96±11.73g, were used. The ninety hens were randomly divided into 5 groups with 3 replications of 6 laying hens each.

1.2 Diet formulations
The usual ingredients incorporated for laying hen feed were used. These were concentrates, soybean meal, egg shell, premix, white corn, yellow corn and fish meal (Table 1). The annatto grains used were purchased from villages around Yamoussoukro sub-prefecture. Thereafter, the control diets were two (2), one based on white corn 55.5%WC) and the other based on yellow corn 55.5% YC. Additionally, four (4) white corn-based diets were enriched Bixa orellana grain-based diets. So, the diets received 0.5% (WC+0.5%Bo), 1% (WC+1%Bo), 1.25% (WC+1.25%Bo), and 1.5% (WC+1.50%Bo) of Bixa orellana grains (Table 1). The experimental diets were randomly assigned to the different groups.



[bookmark: _Toc205480950][bookmark: _Hlk174821433]Table 1. Experimental diets with Bixa orellana
	Diets
	55.5% WC
	55.5% YC
	WC+0.5%Bo
	WC+1%Bo
	WC+1.25%Bo
	WC+1.5%Bo

	White corn
	55.5
	0
	55.5
	55.5
	55.5
	55.5

	Yellow corn
	0
	55.5
	0
	0
	0
	0

	Nutri-A Premix
	4
	4
	4
	4
	4
	4

	Low rice flour
	3.5
	3.5
	3.5
	3.5
	3.5
	3.5

	Fish meal
	14
	14
	14
	14
	14
	14

	Soybean meal
	12
	12
	12
	12
	12
	12

	Wheat bran
	8
	8
	7.5
	7
	6.75
	6.5

	Egg shell
	3
	3
	3
	3
	3
	3

	Bixa orellana
	0
	0
	0.5
	1
	1.25
	1.5

	Total (g)
	100
	100
	100
	100
	100
	100

	Dry matter (%)
	90.43
	89.38
	90.20
	90.08
	89.88
	90.12

	Mineral matter (%)
	9.37
	9.25
	9.08
	8.97
	9.25
	9.20

	Organic matter (%)
	81.13
	80.13
	81.12
	81.12
	80.91
	80.92

	Crude protein (%)
	15.75
	15.63
	15.1
	15.88
	16.08
	16.40

	Fat (%)
	8.27
	7.63
	9.67
	10.42
	9.88
	9.57

	Total_carbohydrates (%)
	57.11
	56.87
	56.35
	54.82
	54.67
	54.95

	EM (Kcal/kg)
	3277.36
	3211.12
	3381.30
	3417.08
	3374.24
	3369.33


ME: Metabolizable Energy, ME (kcal /Kg DM) = [3.87×MAT(% DM)+ 8.37×MG(%DM) +4.12×ENA(%DM )]× 10 [14]

1.3 Samples collection and analysis 
Hens’ performances such as daily egg production and daily feed consumption were recorded daily. Per diet, egg weights were recorded daily during the experiment. Egg weight was measured using a scale (HBR-E 103, Beijing, China). The laying rates were calculated (Eq. 1).

    (Eq. 1)

1.4 Eggs’ selection, and egg yolk analysis 
Some eggs were selected from those produced on the last two consecutive days of each week. The eggs produced on these 2 days were weighed to determine their average weight per group as proposed by [15]. Each egg weight was subtracted from the average weight of the group (Eq. 2). The difference was noted as an absolute value and served as the basis for egg selection (Eq. 3). Finally, the 3 eggs with the smallest absolute interval values between the mean (µ) and the weight of each egg (xi) were collected. These eggs per diet were broken for internal and external analyses at the laboratory of Animal Science.
	(Eq. 2)
 		(Eq. 3)

These eggs were broken, and the different constituents were separated. The yolk was separated from the albumen. The weight measurements of these constituents were reproduced in triplicate for each experimental group. The whole egg weight, shell weight and yolk weight were then measured using a balance (HBR-E 103, Beijing, China). The egg constituents’ weights were assessed from eggs collected weekly for laboratory analyses.
The color of the egg yolk was appreciated by comparison with a series of calibrated colors on Roch Fan scale, on a scale from 1 to 15. Moreover, a second appreciation was done by L*, a* and b* with a spectrophotometer [16]. For this purpose, CS-10 colorimeter (Precise color reader CS-10, model CHN Spec, Beijing, China) spectrophotometer was used. The brightness is designated L*, the red tendency is indicated by a* and the yellow tendency by b*. 

1.5 Determination of total cholesterol concentration in egg yolk
The egg yolks’ cholesterol contents were determined. The total cholesterol analysis was performed with 1 g of egg yolk taken from a beaker to which 9 mL of a 2% NaCl solution was added [17]. The mixture was homogenized. After this step, the solution was put into tubes which were centrifuged for 2 min to improve its purity. Then, 10 µl of this solution was taken and put into a tube. Immediately, 1 mL of the reagent (lot 16704, Barcelona, Spain) was added. Then the whole was shaken to a vortex mixer. The tube containing the mixture was placed in a dark room to incubate for 10 min before reading the optical density (OD) using a spectrophotometer (Jasco V530, Kyoto Japan). The standard solution was prepared under the same conditions as the samples. After reading samples’ ODs and the standard, the total cholesterol concentration in the egg yolk was calculated (Eq. 4). Also, total cholesterol content data were reproduced in triplicate.
 	Equation 4
Where OD is the optical density, 200 is the standard concentration.

1.6. Carotenoids from diets and egg yolks by liquid chromatography
Carotenoid and mineral concentrations were determined on egg yolks by diet. Aliquots of egg yolk were taken for carotenoid determination. Two grams (2 g) of egg yolk were taken into 150 mL flask and placed in a solution composed of 60 mL of ethanol, 10 mL of tert-butyl methyl ether and 5 mL of aqueous potassium hydroxide (50%, w/w). The mixture was refluxed for 15 minutes in a water bath at 80°C. After cooling the solution, the alkaline mixture was washed in a separating funnel with 100 ml of deionized water and 300 ml of diethyl ether. The combined ether phases were washed with deionized water to neutral pH and evaporated to dryness in a 500 mL flask with a rotary evaporator under partial vacuum at 50 °C. The residue was dissolved in 10 mL of n-hexane/acetone (81:19; v/v). The carotenoids or dyes recovered in 10 mL of n-hexane were analyzed by High Performance Liquid Chromatography (HPLC) in normal phase and reversed phase after saponification. The chromatographic conditions were established according to [18] and [19] modified analytical methods.
[bookmark: _Toc124976629][bookmark: _Toc190814519][bookmark: _Toc205481114]1.7 Data processing and statistical analyses
The various data on laying rates, eggs’ constituents, and eggs’ internal qualities were subjected to statistical analyses. The data were generated in triplicate for each sample. Statistical analyses of different results were carried out using XLSTAT software version 2014.5.03 (Copyright © 1995-2014).
2 Results and discussion
These results are about the laying rates, the eggs’ weights, the yolks’ weight, the egg yolks color and carotenoid contents.
[bookmark: _Toc178082839]2.1 Laying rate according to Bixa orellana diets 
The different diets’ laying rates are on Table 2. They range from 81.49±1.27% for the WC+0.5%Bo diet to 85.90 ±1.27% for the 55.5%WC diet. The means’ comparison showed that there was no significant difference at the 5% threshold. B. orellana grains incorporation in the laying hens’ diet did not have an adverse effect on the hens. These results were different from [20] outputs. They conducted a study incorporating carrot leaves into hens’ feed. Their results indicated 89.4% average laying rate for the hens fed on carrot leaf-based rations. So, they had improved the control diet, that laying rate was 80.71% [20]. These authors estimated that carrot leaves had positively influenced the laying rate. Unlike [21] who obtained slightly lower laying rates with values ranging from 74.06 to 82.69%. The hens used by these authors were Hysex Brown breed, 36 weeks old, and received diets with four (4) different levels of oil. This difference in laying rates could be explained by the genetic type and the age, as well as the rearing environment.

[bookmark: _Toc175390851][bookmark: _Toc175418090]Table 2 : Laying rates according to diets
	Diets
	Laying rate (%) ± SE
	Comparison, p-values

	(1) 55.5%WC
	85.90±1.27
	(6) vs (1), 0.43 ns

	(2) 55.5%YC
	84.21±1.27
	(1) vs (2), 0.61 ns

	(3) WC +0.5%Bo
	81.49±1.27
	(2) vs (3), 0.43 ns

	(4) WC +1%Bo
	82.75±1.27
	(3) vs (4), 0.48 ns

	(5) WC +1.25%Bo
	84.02±1.27
	(4) vs (5), 0.48 ns

	(6) WC +1.5%Bo
	84.46±1.27
	(5) vs (6), 0.96 ns


µ ± SE: mean ± Standard error; ns: not significant for means not statistically different; WC: white corn, YC: yellow corn, Bo: Bixa orellana, p-values; Duncan multiple ranges test (p< .05), 95% confidence interval

[bookmark: _Toc148039803][bookmark: _Toc178082840][bookmark: _Hlk172757268]2.2 Egg weights 
The eggs’ weights are on Table 3. The lowest weights were recorded in WC+1.5%Bo diet with 50.62±0.13 g and the highest was obtained with WC+0.5%Bo diet for 52.16±0.13 g. The 55.5%WC and 55.5%YC diets had statistically similar egg weights, for 51.28 g (p= .98). There were 3 different groups The diets with low incorporation rates of B. orellana grains recorded heavier eggs than those containing a higher B. orellana quantities, and the control 55.5%YC. A 0.83g difference between the control diets’ eggs, and WC+0.5%Bo. B. orellana diets egg weights were lower than those from [22] work. Of course, this author got 63.5 g average weight for eggs from 26-week-old Isa Brown hens in Congo. Also, [23] got similar egg weights from 55.35 to 56.38 g, when they conducted an experiment with 30-week-old White Leghorn hens fed garlic powder diets for 6 weeks. This difference could be explained by the genetic type, the hens’ age. The present study showed that the egg weights whose values were between 50.62 and 52.6 g were more comparable to those from 51.52 to 54.08 g, obtained by [24].
[bookmark: _Toc175418091][bookmark: _Toc175390852]Table 3: Average egg weight of each test diet
	Diets
	µ ± SE (g)
	Comparison, p-values

	(1) 55.5%WC
	51.28 ±0.13 b
	(6) vs (1), 0.0001***

	(2) 55.5%YC
	51.28 ±0.13 b
	(1) vs (2), 0.98 ns

	(3) WC+0.5%Bo
	52.16 ±0.13 a
	(2) vs (3), <0.0001***

	(4) WC+1%Bo
	52.08 ±0.13 a
	(3) vs (4), 0.65 ns
(2) vs (4), <0.0001**

	(5) WC+1.25%Bo
	51.65 ±0.13 b
	(4) vs (5), 0.023*

	(6) WC+1.5%Bo
	50.62 ±0.13 c
	(5) vs (6), <0.0001***


µ ± σ: mean ± Standard error ns: not significant; **: significant; ***: Highly significant; letters a, b, c, d, same letters: statistically same means, letters statistically different mean differences; WC: white corn, YC: yellow corn, Bo: Bixa orellana; p-values; Duncan multiple ranges test (p< .05), 95% confidence interval

[bookmark: _Toc178082842]2.3 Egg yolk weights
Table 4 presents the egg yolk weights by diet. The lowest yolk weight value was 11.54±0.20 g with 55.5%WC diet while the highest was 12.58±0.20g with WC+0.5%Bo diet. The results were similar to [5] results. In fact, [5] indicated that hens have the ability to transfer consumed carotenoids to egg yolks. Thus, given their high carotenoid contents. Thus, B. orellana grain-based, and 55.5%YC diets deposited higher carotenoids amount in egg yolks. The egg yolk weights were lower than those from [25]. For example, [25] used 22-week-old ISA Brown hens, the yolks had 15.96 g average weight. This difference could be explained by the experiment duration which was 26 weeks. The hens were older than those used in the current essay.



[bookmark: _Toc175390853][bookmark: _Toc175418092]Table 4: Average weight of egg yolks in each diet
	Diets
	µ ± SE (g)
	Comparison, p-values

	(1) WC +0.5%Bo
	12.58 ±0.17a
	(6) vs (1), 0.001 **
(5) vs (1), 0.047*
(4) vs (1), 0.45*

	(2) WC+1.5%Bo
	12.37 ±0.17ab
	(1) vs (2), 0.39 ns
(4) vs (2), 0.008 *

	(3) WC +1%Bo
	12.14 ±0.17abc
	(2) vs (3), 0.34 ns

	(4) WC +1.25%Bo
	11.93 ±0.17bc
	(3) vs (4), 0.39 ns

	(5) 55.5%YC
	11.89 ±0.17bc
	(4) vs (5), 0.87 ns

	(6) 55.5%WC
	11.54 ±0.17c
	(5) vs (6), 0.42 ns


µ ± SE: mean ± Standard error ns: not significant; **: significant; **: Highly significant; letters a, b, c, d, same letters: statistically same means, letters differences: statistically different means; WC: white corn, YC: yellow corn, Bo: Bixa orellana; p-values; Duncan multiple ranges test (p< .05), 95% confidence interval



[bookmark: _Toc178082843]2.4 Egg album weights
The albumen and shell weights, and egg shell thicknesses are mentioned on table 5. The egg albumen weights were between 33.26±0.30 and 32.72±0.29 g, for all enriched carotenoids diets, and had similar weight ( .45<p< .96). Also, egg whites were 2.79 times heavier than the yolks, as the whites weighed on average 32.45±0.29 g compared to 11.90±0.17 g for the egg yolks. 
The albumens’ weights were lower than those reported by [24] for 28.77 to 31.05 g. The egg shell weights ranged from 5.55±0.17 g to 5.93±0.17 g, and were statistically identical. Ongoing results were similar to [26] ones, around 5 g. According to [24], calcium is one of the nutrients that influences the eggshells quality. The results obtained showed that the calcium level used for the formulation was sufficient for the pullets because the average weight was 5.81±0.17 g for the diets, but 55.5%WC diet had poor eggshell weight. The eggshells’ thickness values obtained in this study are higher than those reported by [27] found that the thickness and strength of eggshells from laying hens fed on tomato paste were 0.35 to 0.36 mm. These shell thicknesses were also higher than those obtained by [28] whose ranged from 0.41 to 0.43 mm. 











[bookmark: _Toc175390854][bookmark: _Toc175418093]Table 5: Albumen, and shell weight, and egg shell thickness following diet
	Diets (g)
	Albumen
µ±SE (g)
	Comparison, p-values
	Shell µ±SE (g)
	Comparison, p-values
	Shell Thickness µ±SE (mm)
	Comparison, p-values

	(1) 55.5%YC
	33.25 ±0.29
	(6) vs (1), 0.72 ns
	5.92 ±0.13
	(6) vs (1), 0.54 ns
	0.52±0.01a
	

	(2) 55.5%WC
	32.83 ±0.29
	(1) vs (2), 0.75 ns
	5.58 ±0.13
	(1) vs (2), 0.34 ns
	0.45±0.01b
	(1) vs (2), 0.002*

	(3) WC+0.5%Bo
	33.15 ±0.29
	(2) vs (3), 0.45 ns
	5.66 ±0.13
	(2) vs (3), 0.50 ns
	0.50±0.01a
	(2) vs (3), 0.006*

	(4) WC+1%Bo
	33.16 ±0.29
	(3) vs (4), 0.96 ns
	5.90 ±0.13
	(3) vs (4), 0.42 ns
	0.51±0.01a
	(3) vs (4), 0.48 ns

	(5) WC+1.25%Bo
	33.28 ±0.29
	(4) vs (5), 0.96 ns
	5.93 ±0.13
	(4) vs (5), 0.98 ns
	0.51±0.01a
	(4) vs (5), 0.57 ns

	(6) WC+1.5%Bo
	32.72 ±0.29
	(5) vs (6), 0.77 ns
	5.73 ±0.13
	(5) vs (6), 0.69 ns
	0.49±0.01a
	(5) vs (6), 0.74 ns


µ ± SE: mean ± Standard error ns: not significant; *: significant; letters a, b, c, d, same letters: statistically same means, letters differences: statistically different means; WC: white corn, YC: yellow corn, Bo: Bixa orellana, ; p-values; Duncan multiple ranges test (p< .05), 95% confidence interval


[bookmark: _Toc178082855][bookmark: _Hlk174822950]
2.5 Egg yolks color evaluation with Roche fan
[bookmark: _Hlk172756217][bookmark: _Hlk172756642]These results showed that WC+1.5%Bo diet had the highest value with 11.5. The different diets 55.5%YC, WC+0.5%Bo, WC+1%Bo and WC+1.25%Bo, had 9.5, 8.5, 9.5 and 10.5, respectively. The control diet 55.5%WC egg yolk had a whitish color. The egg yolk evaluation indicates that diets containing Bixa orellana grains obtained a yolk coloration between 9 for WC+0.5%Bo to 11 for WC+1.5%Bo on Roche Fan scale (Table 6). These egg yolk colorations looked like YC, with a 9.75 score. There was not a significant difference between the diets with Bixa orellana grains and that of 55.5%YC. This shows that the B. orellana grains contributed to strengthening the egg yolk coloration. According to [29], the egg yolk color is related to the carotenoid content of the hens' diet.
[bookmark: _Toc175390855][bookmark: _Toc175418094]Table 6: Egg yolk color ratings according to diets
	Diets
	55.5% WC
	55.5%YC
	WC+0.5%Bo
	WC+1%Bo
	WC+1.25%Bo
	WC+1.5%Bo
	p -value

	Ratings
Rock Ladder
	3.75±0.75c
	9.75±0.38b
	9.00±1.00b
	9.25±0.75b
	10.50±0.01a
	11.00±0.50a
	<0.014




[bookmark: _Toc204112959] 



	Figure 1: Egg yolks coloring according to diets

	MB=WC; MJ=YC


[bookmark: _Toc178082856]2.6 Egg yolks color (L*, a*, b*)
[bookmark: _Hlk172755529][bookmark: _Hlk172756739]The egg yolk color evaluations with spectrophotometer are on table 7. The egg yolk brightness (L*) was higher with the 55.5%WC and WC+1%Bo diets, for 24.45±0.052 and 24.99±0.052, respectively. But, 55.5%WC diet b* value was the lowest for 18.54±0.54 (p< .0001). The b* component for WC+1.25%Bo and 55.5%YC gave more intense egg yolks colorations for 26.67±0.54 and 24.82±0.54, respectively. Indeed, there was a significant difference between 55.5%WC and other Bixa orellana-based diets (p < .0001). In fact, WC doesn’t have enough carotenoid to color egg yolk. However, no significant difference was reported between the Bixa orellana and yellow corn diets. Unlike [6] results best b* was 36.19 with a yellow corn control diet. These differences on L* and b* values, in various studies may be due to the type of device. In fact, they worked with Minolta spectrophotometer (model CR-400, Osaka, Japan). Indeed, diet WC+1.25%Bo improved 55.5%WC diet b* by 7.62. This improvement was confirmed by [30]. They revealed a significant 31.79 b* improvement with WC+20% of Borassus aethiopum. In addition, the increase in the levels of annatto induced egg yolks increasing color intensity. Yellow coloration (b*) intensity increased from 63.25 to 77.56. According to [31], the annatto carotenoids, bixin, beta-carotene, lutein and zeaxanthin, were absorbed in the intestine and efficiently transferred into the egg yolk.

[bookmark: _Toc175390856][bookmark: _Toc175418095]Table 7: Egg yolks color evaluation with L*, a*, b*
	Diets
	L* (µ ± σ)
	Comparison, p-values
	b * (µ ± σ)
	Comparison, p-values

	(1) 55.5%YC
	22.02±0.052b
	(6) vs (1), 0.38 ns
	24.66±0.54a
	(6) vs (1), 0.97 ns

	(2) 55.5%WC
	24.13±0.052a
	(1) vs (2), 0.05*
	18.54±0.54b
	(1) vs (2), <0.0001***

	(3) WC+0.5%Bo
	22.06±0.052b
	(2) vs (3), 0.04*
	24.27±0.54a
	(2) vs (3), <0.0001***

	(4) WC+1%Bo
	22.99±0.052ab
	(3) vs (4), 0.42 ns
	24.71±0.54a
	(3) vs (4), 0.82 ns

	(5) WC+1.25%Bo
	22.37±0.052ab
	(4) vs (5), 0.40 ns
	26.16±0.54a
	(4) vs (5), 0.15 ns

	(6) WC+1.5%Bo
	21.38±0.052b
	(5) vs (6), 0.54 ns
	24.82±0.54a
	(5) vs (6), 0.08 ns


µ ± σ: mean ± Standard error ns: not significant; **: significant; ***: Highly significant; letters a, b, c, d, same letters: statistically same means, letters differences: statistically different means; WC: white corn, YC: yellow corn, Bo: Bixa orellana, p-values; Duncan multiple ranges test (p< .05), 95% confidence interval

[bookmark: _Toc178082857]2.7 Egg yolk total cholesterol
Bixa orellana grains effect on total cholesterol (Tot.C) content in egg yolks was evaluated (Table 8). Total cholesterol concentration in WC+1%Bo diet egg yolks was the highest with 17.96±0.95 mg/mL. It was lower with egg yolks from 55.5%YC diet with 12.18 ±0.57 mg/mL. The difference was not significant between 55.5%WC diet and other B. orellana grain-based diets (.45<p< .89). On the other hand, the difference was significant between B. orellana and 55.5%YC diets (p< .0001).
Some authors have observed that substituting some of the white corn with another product has substantially reduced the total cholesterol content in the egg yolks. Indeed, curcumin acts by reducing LDL cholesterol which is the main cholesterol transporter to the egg [32]. Similar results were obtained by [33]. Indeed, the latter also reduced the total cholesterol content 17.69% after incorporating 15% of Euphorbia heterophylla grains. That is to say that these Euphorbia heterophylla additives, in addition to their coloring powers, induce the total cholesterol content reduction in quail egg yolks. [33] obtained 38.51% reduction. They incorporated 5% of Euphorbia heterophylla grain in quail feed [34]. B. orellana grains incorporated into the laying hens’ diets did not induce a reduction in the total cholesterol content in the egg yolks.

[bookmark: _Toc175418096][bookmark: _Toc175390857]Table 8: Total cholesterol content of egg yolks in diets
	Diets (g)
	µ ± SE (mg/g)
	Comparison, p-values

	(1) 55.5%YC
	12.18 ±0.57b
	(6) vs (1), <0.0001***

	(2) 55.5%WC
	16.34 ±0.57a
	(1) vs (2), <0.0001***

	(3) WC+0.5%Bo
	16.45 ±0.57a
	(2) vs (3), 0.89; ns

	(4) WC+1%Bo
	17.96 ±0.57a
	(3) vs (4),0.25; ns

	(5) WC+1.25%Bo
	17.17 ±0.57a
	(4) vs (5),0.58; ns

	(6) WC+1.5%Bo
	17.29 ±0.57a
	(5) vs (2), 0.88; ns


µ ± SE: mean ±Standard error ns: not significant * **: Highly significant; letters a, b, c, d, same letters: statistically same means, letters differences: statistically different means; WC: white corn, YC: yellow corn, Bo: Bixa orellana, ; p-values, Duncan multiple ranges test (p< .05), 95% confidence interval
[bookmark: _Toc178082872]2.8 Egg yolks carotenoids
The egg yolk carotenoids’ concentrations in the diets are mentioned on table 9. The α-carotene contents varied from 0.09 to 0.13 µg/g for B. orellana grains enriched diets. In fact, α-carotene content positively correlated with B. orellana grains incorporation percentages. Diet 55.5%YC which α-carotene content was 0.15 µg/g was highly greater than that of B. orellana grains enriched diets (p<.0001). Similarly, all B. orellana grains enriched diets allowed more α-carotene deposit than 0.03 µg/g with 55.5%WC (p<.0001). Regarding β-carotene contents, B. orellana grains enriched diets carotenoids fluctuated between 17.38 µg/g with WC+0.5%Bo and 19.66 µg/g with WC+1.5%Bo. Compared to 55.5%YC diet output, B. orellana grains enriched diets performed better for 2.34 times with WC+0.5%Bo and 2.65 times with WC+1.5%Bo. 
In accordance with these results, it can be inferred that, with B. orellana grains enriched diets, Isa Brown laying hens transferred 100 times more β-carotene than α-carotene. Regarding diets, for α-carotene and β-carotene, 55.5%YC delivered more carotene for egg yolk coloration than 55.5%WC (p<0.0001). Generally, α-carotene and β-carotene were the main responsible for the egg yolk coloration in the enriched diets with B. orellana grains. Diet 55.5%YC had all carotenoids detected, a part bixin and norbixin. It has α-carotene, β-carotene, lycopene, zeaxanthin, and lutein, for 0.15, 7.41, 0.02, 0.010, and 0.048 µg/g, respectively (Table 9, Figure 2).
Lycopene was determined in egg yolks from all diets. In fact, its contents in egg yolk from B. orellana grains enriched diets increased with increasing B. orellana grains’ incorporation rate. Anyhow, lycopene carotenoid’ contents in egg yolks from 55.5%YC and 55.5%WC diets had higher values than those from B. orellana grain diets (p<.0001). When it comes to zeaxanthin carotenoid, its contents in egg yolks were very low in 55.5%WC and B. orellana grains’ diets. Its highest concentration was recorded in 55.5%YC diet egg yolk for 0.01 µg/g. Following, no difference was identified between 55.5%WC and B. orellana grain diets, where just some traces were available, for 0.001 µg/g (.901<p<.991). Concerning lutein carotenoid, a part 0.048 µg/g from 55.5%YC diet, just some traces were gained from other diets. 
Bixin is characteristic B. orellana grains’ carotenoids. It was determined in the egg yolks of diets where its grains were added. Thus, bixin lowest value was obtained in the WC+0.5 %Bo diet and the highest was that of the WC+1.5%Bo diet. Thus, Bixin concentrations were increasing according to the incorporation rates of B. orellana grains. Norbixin, the second carotenoid characteristic of B. orellana grains, was identified in egg yolk samples. The concentrations varied from 0.022 µg/g with WC+0.5%Bo to 0.051 µg/g with WC+1.5%Bo diets. The difference was significant (p<.05) between the norbixin levels of the different diets. This shows that the concentration is related to the proportion of B. orellana grains incorporated in the food formulas. Majority carotenoids consisting of bixin and norbixin give the grains orange to red color [11]. However, when observing the egg yolks of these diets, it is rather a yellow color. The concentrations of these bixin and norbixin molecules, which are respectively 0.688±0.41 to 1.028±0.41µg/g and 0.022±0.02 to 0.051±0.02 µg/g, would indicate their low transfer into the egg yolks compared to β-carotene with 17,88 to 19,41µg/g

Bixin and β-carotene have higher concentrations in egg yolks than other molecules. Cryptoxanthin is absent from egg yolks of different diets. [35] exploited 18-week-old laying hens fed diets formulated with different varieties of corn. Analysis of egg yolks identified four (4) carotenoids, including lutein with values of 8.31 to 13.91µg/ g; zeaxanthin from 9.22 to 16.36 µg/g; cryptoxanthin from 0.51 to 0.92 µg/g and finally β-carotene with 0.40 to 0.79µg/g. Lutein, zeaxanthin and cryptoxanthin have higher values than those of the current study. Cryptoxanthin was absent from B. orellana grain-based diets. Diet 55.5%YC egg yolks gave a very low value compared to those of [35]. However, the β-carotene concentration obtained in this study is higher than that obtained by [35]. The results gave higher β-carotene contents than those obtained by [35]. When they used Moringa oleifera pods in the laying hens’ feed. During their essay, [36] worked with 240 hens of 30 weeks of age. The birds were divided into groups to four (4) diets including a control and 3 others containing 2%, 4% and 6% Moringa oleifera pod powders. At the end, β-carotene was 1.79µg/g to 1.85 µg/g in the yolk, slightly higher than 1.68 µg/g in the control. The carotenoids contained in the pods increased β-carotene level in the egg yolk.
Bixin is characteristic B. orellana grains’ carotenoids. It was determined in the egg yolks of diets where its grains were added. Thus, bixin lowest value was obtained in the WC+0.5%Bo diet and the highest was that of the WC+1.5%Bo diet. Thus, Bixin concentrations were increasing according to the incorporation rates of B. orellana grains. Norbixin, the second carotenoid characteristic of B. orellana grains, was identified in egg yolk samples. The concentrations varied from 0.022 µg/g with WC+0.5%Bo to 0.051 µg/g with WC+1.5%Bo diets. The difference was significant (p<.05) between the norbixin levels of the different diets. This shows that the concentration is related to the proportion of B. orellana grains incorporated in the food formulas. Majority carotenoids consisting of bixin and norbixin give the grains orange to red color [11]. However, when observing the egg yolks of these diets, it is rather a yellow color. The concentrations of these bixin and norbixin molecules, which are respectively 0.688±0.41 to 1.028±0.41µg/g and 0.022±0.02 to 0.051±0.02 µg/g, would indicate their low transfer into the egg yolks compared to β-carotene with 17,88 to 19,41µg/g
Bixin and β-carotene have higher concentrations in egg yolks than other molecules. Cryptoxanthin is absent from egg yolks of different diets. [35] exploited 18-week-old laying hens fed diets formulated with different varieties of corn. Analysis of egg yolks identified four (4) carotenoids, including lutein with values of 8.31 to 13.91µg/ g; zeaxanthin from 9.22 to 16.36 µg/g; cryptoxanthin from 0.51 to 0.92 µg/g and finally β-carotene with 0.40 to 0.79µg/g. Lutein, zeaxanthin and cryptoxanthin have higher values than those of the current study. Cryptoxanthin was absent from B. orellana grain-based diets. Diet 55.5%YC egg yolks gave a very low value compared to those of [35]. However, the β-carotene concentration obtained in this study is higher than that obtained by [35]. The results gave higher β-carotene contents than those obtained by [35]. When they used Moringa oleifera pods in the laying hens’ feed. During their essay, [36] worked with 240 hens of 30 weeks of age. The birds were divided into groups to four (4) diets including a control and 3 others containing 2%, 4% and 6% Moringa oleifera pod powders. At the end, β-carotene was 1.79µg/g to 1.85 µg/g in the yolk, slightly higher than 1.68 µg/g in the control. The carotenoids contained in the pods increased β-carotene level in the egg yolk.

[bookmark: _Toc175390874][bookmark: _Toc175418113]Table 9: Carotenoids’ contents in egg yolks
	[bookmark: _Hlk164438548]Diets
	α carotene (µ gg -1 )
	Comparisons, p-values
	β-carotene (µ gg -1 )
	Comparisons, p-values
	Lycopene (µ gg -1 )
	Comparisons, p-values

	(1) 55.5%YC
	0.15±0.0002a
	
	7.41±0.0002a
	
	0.02±0.0002a
	

	(2) WC+1.5%Bo
	0.13±0.0002b
	(1) vs (2), <0.0001**
	19.66±0.0002b
	(1) vs (2), <0.0001**
	0.013±0.0002b
	(1) vs (2), <0.0001**

	(3) WC+1.25%Bo
	0.12±0.0002c
	(2) vs (3), <0.0001**
	18.66±0.0002c
	(2) vs (3), <0.0001**
	0.013±0.0002b
	(2) vs (3), 0.658 ns

	(4) WC+1%Bo
	0.10±0.0002d
	(3) vs (4), <0.0001**
	17.87±0.0002d
	(3) vs (4), <0.0001**
	0.013±0.0002b
	(3) vs (4), 0.836 ns

	(5) WC+0.5%Bo
	0.09±0.0002e
	(4) vs (5), <0.0001**
	17.38±0.0002e
	(4) vs (5), <0.0001**
	0.012±0.0002c
	(4) vs (5),0.022*

	(6) 55.5%WC
	0.03±0.0002f
	(5) vs (6), <0.0001**
	0.26±0.0002f
	(5) vs (6), <0.0001**
	0.014±0.0002b
	(5) vs (6), 0.001*

	
	
	
	
	
	
	

	Diets
	Zeaxanthin (µ gg-1)
	Comparisons, p-values
	Lutein (µ gg-1 )
	Comparisons, p-values
	Cryptoxanthin (µ gg -1)

	(1) 55.5%YC
	0.010±0.0002a
	
	0.048 ±0.0001a
	
	0.001±0.001

	(2) 55.5%WC
	0.002±0.0002b
	(1) vs (2), <0.0001***
	0.001 ±0.0001c
	(1) vs (2), <0.0001***
	nd

	(3) WC+1.5%Bo
	0.001±0.0002b
	(2) vs (3), 0.016 
	0.006 ±0.0001b
	(2) vs (3), <0.0001***
	nd

	(4) WC+1%Bo
	0.001±0.0002b
	(3) vs (4), 0.991 ns
	0.001 ±0.0001c
	(3) vs (4), <0.0001***
	nd

	(5) WC+1.25%Bo
	0.001±0.0002b
	(4) vs (5), 0.901 ns
	0.005 ±0.0001b
	(4) vs (5), <0.0001***
	nd

	(6) WC+0.5%Bo
	0.001±0.0002b
	(5) vs (6), 0.965 ns
	nd
	
	nd


µ ±σ: mean ± standard error; ns: not significant; **: significant; ***: Highly significant; letters a, b, c, d, same letters: statistically same means, letters statistically different mean differences; nd : not detected; WC: white corn, YC: yellow corn, Bo: Bixa orellana; p-values; Means ± Standard error, Duncan multiple ranges test (p< .05), 95% confidence interval
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    Figure 2: Bixin and norbixin contents in eggs according to diets
         WC: white corn, YC: yellow corn, Bo: Bixa orellana; p-values, Duncan multiple ranges test (p< .05), 
          95% confidence interval

[bookmark: _Toc178082873]2.9 Egg yolks’ total carotenoids 
The total carotenoids contents in egg yolks are presented on figure 3. The control diet egg yolk obtained lowest concentration with 0.31 µg/g. The highest content was recorded in WC+1.5%Bo egg yolk for 20.89 µg/g. However, 55.5%YC egg yolk has 7.63 µg/g, and was lower than those of B. orellana diets. The difference is significant between the total carotenoids’ contents (p< .0001). In general, the total carotenoids concentrations were increasing when B. orellana grains’ quantities increased.
The carotenoid concentrations obtained in this study were in the same order as [35]. They used 18-week-old laying hens fed on diets formulated with different corn varieties. They determined total carotenoid concentrations that ranged from 21.97 to 25.99 µg/g. According to [37], carotenoids have antioxidant actions that are important in limiting egg yolk lipids oxidation rate.
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 [bookmark: _Toc175399074][bookmark: _Toc178148208]Figure 3: Total carotenoids in egg yolks

Letters a, b, c, d, e, f differences: statistically different means; WC: white corn, YC: yellow corn, Bo: Bixa orellana, ; Means, Duncan multiple ranges test (p< .05), 95% confidence interval

Conclusion
[bookmark: _Hlk208594523]The study evaluated laying hens’ production parameters, when they were fed on different diets containing B. orellana grains at varying rates. Laying rates and egg weights were not influenced by B. orellana grains addition in the feed. In contrary, the egg yolks’ yellowish coloration was enhanced by the addition B. orellana grains in the diets. These egg yolks coloration was more intense in these diets with the highest values for b* component with WC+1.25%Bo and WC+1.5%Bo. The total cholesterol concentration in the egg yolk was lower for 55.5%YC diet compared to the other diets. B. orellana grains incorporate in diets highly increased total cholesterol in the egg yolks (p< .0001). Carotenoid concentrations varied from one diet to another depending on B. orellana grains incorporation rates. Total carotenoids were higher in the yolks from diets containing B. orellana than 55.5%YC diet. The use of B. orellana grains in diets allows enriching eggs with antioxidant substances.
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Bixin	
Bixin = 0.1086Diet + 0.5555
R² = 0.924

WC+0.5%Bo	WC+1%Bo	WC+1.25%Bo	WC+1.5%Bo	0.68799999999999994	0.76300000000000001	0.82899999999999996	1.028	Norbixin	
Norbixin= 0.01Diet + 0.011
R² = 0.9881

WC+0.5%Bo	WC+1%Bo	WC+1.25%Bo	WC+1.5%Bo	2.1999999999999999E-2	2.9000000000000001E-2	4.2000000000000003E-2	5.0999999999999997E-2	White cron-based diets enriched with Bixa orellana grains


Carotenoids' contents (µg/g)




Caroténoïdes totaux (µg.g-1)	MB+1.5%Bo	MB+1.25%Bo	MB+1%Bo	MB+0.5%Bo	55.5%MJ	55.5%MB	20.89	19.672000000000001	18.79	18.21	7.63	0.31	
Concentrations of total carotenoids (µg/g)
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