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Abstract: The supplementation of different w-6/w-3 ratio to the diets of the laying hens has been
studied to evaluate the effects on performance, egg quality, egg health indices, egg fatty acid profiles,
and immune response. One-hundred and twenty, 50-weeks-old hens were divided into three groups
fed diets with different w-6/w-3 polyunsaturated fatty acids (PUFA) at ratio: 16.7:1,9.3:1, and 5.5:1,
respectively. Each group contained eight replicates of five hens. Hens fed the diet with the highest
w-6/w-3 ratio had significantly increased weight gain compared to those fed the 5.5:1 and 9.3:1
w-6/w-3 ratios. In contrast, hens fed the 9.3:1 w-6/w-3 ratios laid significantly more eggs, had
increased egg mass, greater livability, and a better FCR than the control group. However, hens fed
a ratio of 5.5:1 w-6/w-3 PUFA showed improved thrombogenic, atherogenic, hypocholesteremia,
and hypocholesteremia/hypercholesteremia indices. In conclusion, laying hens of the 9.3:1 w-6/w-3
PUFA group showed improved laying performance, while a ratio of 5.5:1 enriched the w-3 PUFA in
eggs and boosted the immune response of hens.

Keywords: omega-3; omega-6; supplementation; egg production sustainability; egg quality; egg
health index; egg fatty acids; immunity status

1. Introduction

The use of vegetable oils from sunflower, corn, soybean, and cottonseed in human and
animal nutrition has increased the intake of w-6 polyunsaturated fatty acids (PUFAs) and
decreased that of w-3 PUFAs, increasing the w-6 to w-3 ratio of the ingested lipids [1]. It
is well known that a high w-6/w-3 PUFA ratio may contribute to an increase of the inci-
dences of many emerging diseases, including heart disease, depression, and autoimmune
disorders [2,3]. Therefore, keeping a suitable dietary w-6/w-3 ratio is more critical than
the single fatty acid level [3,4]. The w-6/w-3 ratio regulates the composition of the cell
membranes and, consequently, the quantities and types of eicosanoids that are formed. For
instance, high w-6/w-3 PUFA ratios are pro-inflammatory: thus, a low ratio of w-6/w-3
fatty acids is a possible way for decreasing the risks of lipid-related nutritional diseases [5,6].
The w-6/w-3 ratio has also been linked to metabolic syndrome markers, including lipid
profiles, adiposity, insulin sensitivity, and inflammation. However, the role of PUFAs in
regulating energy balance in metabolic diseases has not been investigated systematically [7].
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Furthermore, w-3 PUFAs are essential components of cell membranes and play a significant
role in lipid-related nutritional conditions affecting public health [8,9]. In addition to their
anti-inflammatory and antioxidant properties, w-3 fatty acids are believed to regulate
platelet homeostasis and reduce the risk of thrombosis [10,11]. In general, thrombogenic,
atherogenic, hypocholesteremic, as well as hypocholesteremic/hypercholesteremic indices
are good predictors of human health, influenced by lipid type and level [4,5,10].

Recently, w-6 and w-3 PUFA have been assessed to determine the nutritional value
of dietary lipids [10-12]. Increasing dietary consumption of w-3 PUFA, especially the
longer-chain docosahexaenoic (DHA; 22:6) acid and eicosapentaenoic (EPA; 20:5), may
aid in the control and treatment of cancer, cardiovascular disease, and inflammatory
disorders [1-3,10]. The literature suggests for patients to intake lipids with a w-6 to w-3
ratio between 1:1 and 5:1 [4,7]. The w-6/w-3 fatty acid ratio is crucial due to the competition
between enzymes involved in the elongation and desaturation process of linoleic acid and
linolenic fatty acids [13,14]. As recently reviewed by Alagawany et al. [4], the inclusion of
oils as w-3 source in poultry diets improved growth performance, feed conversion ratio,
immune response, egg and meat quality. In addition, fatty acid supplementation, especially
of w-3 and w-6, helps in improving fertility, semen quality and quantity of chickens [24].

The nutritional quality of meat and eggs and fatty acids concentrations have been
linked to the lipid source in the diet [2,4,15]. Thus, the appropriate ratio between w-6 and w-
3 in poultry nutrition is of great importance. An increased intake of w-6 interferes with the
metabolic pathway of a-linolenic acid (ALA) and increases the production of eicosanoids
from arachidonic acid, including prostaglandins, thromboxanes, and leukotrienes. High
levels of eicosanoids result in thrombus formation, allergic and inflammatory disorders,
and eventually, a decline in bird performance [10-12]. Although the effect of w-3 in diets
on the quality of poultry products has been studied, the w-6 to w-3 ratio has received
little consideration. Keeping in mind the importance of the ratio w-6 to w-3 and its role
in immunity and disease prevention [1-5,10], the present study aimed to test the dietary
impact of different w-6/w-3 PUFAs on egg health indices with altered dietary w-6 to w-3
ratios, egg laying performance and quality, egg fatty acid profile, and immune response of
laying hens.

2. Materials and Methods

The Deanship of Scientific Research at King Abdulaziz University, Saudi Arabia,
approved this research according to the protocol number RG-1-155-43 H. The protocol
recommends general humane treatment of animals that does not cause pain, suffering,
distress, or lasting harm, following the Royal Decree number M59 from 14/9/1431H and
institutional approve code ACUC-22-1-2.

2.1. Animals, Housing, Management, and Experimental Setup

Following a two-week preliminary experimental period, a total of 120 Lohmann
Selected Leghorn (LSL) laying hens aged 50 weeks were used in this study for eight
weeks. The straight-run experimental design consists of three w-6/w-3 PUFAs treatments,
each with eight replicates of five hens. Twenty-four cages were used to house the birds
(5 birds/cage) in an environmentally controlled house. The light-dark cycle was 16 L: 8D
for the duration of the experiment. The hens were provided with mash feed and had free
access to feed and water 24 h per day. Hens were housed in an environmental controlled
house with 23-25 °C and 50-60% RH. The outdoor temperature and relative humidity were
39 + 4 and 52 + 7, respectively. The space provided per hen was 520 cm?.

2.2. Diet Formulation

The tested diets were formulated to have 16.7:1 (HR), 9.3:1(MR), and 5.5:1 (LR) w-
6/w-3 fatty acids ratio, respectively. The determined ratios of w-6/w-3 PUFA in the
experiment was based on the pervious published results by [4-7]. The w-6/w-3 ratio of
the experimental diets was modified by adding varying amounts of soybean oil and flax
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oil while maintaining isocaloric and isonitrogenous nutrient profiles. The ingredients and
chemical-nutritional characteristics of the diets are presented in Table 1. The diets were
formulated using the Lohmann LSL-Classical Layer Cage Housing breeder guide [16] and
feedstuff printout values [17].

Table 1. Constituents and chemical profile of the experimental diets.

w-6/w-3 Ratio

Ingredients, gfics 16.7:1 9.3:1 5.5:1
Yellow corn 612.0 588.3 481.2
Soybean meal (44% CP) 245.0 274.0 293.0
Flax oil - 36.0 80.0
Soybean oil 40.0 - -
Calcium diphosphate 13.0 13.0 13.0
Calcium carbonate 80.0 80.0 80.0
Sodium chloride 3.0 3.0 3.0
Vit. and Min. Premix ! 3.0 3.0 3.0
DL-Methionine 1.0 0.7 0.8
L-lysine 1.0 0.0 0.0
Sodium carbonate 1.0 1.0 1.0
Choline chloride 1.0 1.0 1.0
Washed building sand - - 44.0
Determined values and calculated analysis
Dry matter, g/kg 2 894.1 897.3 892.3
Crude protein, g/kg 2 168.0 170.0 170.0
ME, kcal/kg diet 3 2954 2885 2937
Ether extract, g/kg 2 66.2 61.8 102.3
Crude fiber, g/kg 2 295 30.7 29.5
Calcium, g/kg 3 35.1 35.2 35.3
Phosphorus available, g/kg 3 3.04 3.07 3.01
Ash, g/kg? 142.6 145.7 186.8
Methionine, g/kg 3 4.39 423 4.28
Methionine + Cysteine g/kg > 7.22 7.21 7.19
Lysine, g/kg 3 8.80 8.75 9.02
SEA, % 2 16.25 16.10 15.24
Unsaturated fatty acids, % 2 76.45 76.65 72.87
MUFA, % 2 23.04 22.45 20.27
PUFA, % 2 53.42 54.17 52.59
w-6 PUFA, % 2 50.4 48.9 445
w-3 PUFA, %2 3.02 5.27 8.09
w-6/w-3 ratio 3 16.7:1 9.3:1 5.5:1

! Three kg of vitamin-mineral premix per ton of feed supplied each kg of diet with Vit. A 12,000 IU; Vit. D3 2000
IU; Vit. E. 10 mg; Vit. k3 2 mg; Vit.B; 1 mg; Vit. B4 mg; Vit. Bg 1.5 mg; pantothenic acid 10 mg; Vit.B;; 0.01 mg;
folic acid 1 mg; niacin 20 mg; biotin 0.05 mg; choline chloride (50% choline) 500 mg; Zn 55 mg; Fe 30 mg; I 1 mg;
Se 0.1 mg; Mn 55 mg; ethoxyquin 3000 mg. PUFA: polyunsaturated fatty acids; SFA: saturated fatty acids; MUFA:
monounsaturated fatty acids; > determined values; 3 calculated analysis.

2.3. Laying Performance

Body weight gain (BWG), rate of laying, egg weight, egg mass, feed intake, FCR, and
survival rate were measured and expressed per cage throughout the experiment. The egg
mass was estimated by multiplying the average egg weight (g) by the number of eggs
laid during the eight weeks per hen. The feed conversion ratio was estimated as the ratio
between feed intake and egg mass.

2.4. External Egg Quality

Egg quality measurements were determined using 24 fresh eggs per treatment as
3 eggs per replicate. The egg shape index was determined according to Romanoff and
Romanoff [18], and shell percentage was determined by dividing shell weight by egg weight
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and multiplying by 100. The shell thickness was estimated using a micrometer (5-6428, BC
Ames, Melrose, MA, USA) in three regions: blunt, sharp, and equatorial. The shell weight
per unit of surface area (SWUSA, mg/cm?) was calculated as stated by Carter [19].

2.5. Internal EQg Quality

The eggs’ internal quality, including Haugh units, yolk index, and total yolk solids,
was calculated using the Haugh [20] and Funk [21] methods. The chemical composition of
the experimental diets and yolk dry matter were measured according to AOAC [22]. The
egg yolk color was assessed using the Hoffman La Roche color fan Vuilleumier [23].

2.6. Fatty Acids Profile

The fatty acid profile of the lipids in the experimental diets (n = 1/treatment) and egg
yolk (n = 6/treatment) was determined by extracting the lipid according to Folch et al. [24].
The quantitative analysis of fatty acids was performed by a gas chromatography method,
according to Radwan [25].

The following equations were utilized to estimate the atherogenic (Al) and thrombo-
genic indices (TI) [26]:

Al = (4 x C14:0) + C16:0/(EMUFA + EPUFA — w-6 + ZPUFA — w-3)
TI = (C14:0 + C16:0 + C18:0)/0.5 x EMUFA + 0.5 x X (w-6) + 3 x L(w-3) + L(w-3)/(w-6)

where XMUFA is the sum of monounsaturated fatty acids and ZPUFA is the sum of
polyunsaturated fatty acids
The hypocholesterolemic index (HI) was estimated using the following equation [27]:

HI = (C18:1 + C18:2 + C18:3 + C20:3 + C20:4 + C20:5 + C22:4 + C22:6)/(C14:0 + C16:0)

The hypocholesterolemic/hypercholesterolemic index was calculated following the
equation [28] = [(C18:1 w-9 + C18:1 w-7 + C18:2 w-6 + C18:3 w-6 + C18:3 w-3 + C20:3 w-6
+ C20:4 w-6 + C20:5 w-3 + C22:4 w-6 + C22:5 w-3 + C22:6 w-3)/(C14:0 + C16:0)]

2.7. Immune Indices

At 58 weeks of age, blood samples (n = 8/treatment as 1 per replicate) were collected
from the wing vein of hens in the heparinized blood type group (5 mL/sample) for blood
plasma biochemistry. The serum was separated after centrifugation of blood at 1500 g
for 10 min and then kept at —20 °C until analyses. The haemagglutination inhibition test
was used to measure the humoral immune response, such as antibody production against
the Newcastle disease virus (NDV), as described by King and Seal [29]. The phagocytic
assay was used to measure cell-mediated immune response, as defined by Kawahara
et al. [30]. In addition, the lymphocyte transformation test, serum bactericidal activity, and
serum lysosomal activity were estimated according to the procedures described by Balhaa
et al. [31], Rainger and Rowley [32], and Engstad et al. [33], respectively.

2.8. Statistical Analysis

The influence of the w-6/ w-3 fatty acid ratio was investigated using a one-way analysis
of variance, and the replicate was the experimental unit (the cage) [34]. Mean differences
were compared using the Tukey post hoc test when a significant probability value (p < 0.05)
was obtained [34]. The following statistical model was implemented:

Yij= p + Ai + eij

where: 1 is the general mean, Ai is the effect of types of diet, and eij is the random error.



Agriculture 2022, 12,1712

50f13

Before executing the statistical analysis, the data distribution was normalized by
transforming all percentages to the Log 10 form. Then, the survival rate was analyzed
using a Chi-square test [34].

3. Results

Table 2 illustrates the impact of the w-6 to w-3 PUFA ratio on the performance of LSL
laying hens. Hens fed the HR and MR diet gained 13.1 and 9.8% more weight, respectively,
than the LR group (p < 0.05). The MR group showed a higher (p < 0.01) egg production
rate and egg mass than the HR, but both groups were not different from the LR group. The
feed intake was higher (p < 0.01) in the HR than in the other groups. The feed conversion
ratio was more favorable in MR group compared to the HR but was not different from the
LR group.

Table 2. Effect of w-6/w-3 PUFA ratio on laying performance of the hens.

Treatments BWG EP EW EM FI FCR
g % G g/h/d g/h/d g/g

HR 1732 81.3b 58.6 47.6P 1152 2422

MR 1682 86.12 58.1 50.0 111° 2.22b

LR 153 P 83.12b 57.6 47.94b 112° 2.342b
SEM 14.3 1.48 0.34 0.82 1.13 0.09

p value 0.01 0.001 0.462 0.001 0.001 0.001

2P means within a column within each factor not sharing similar letters are significantly different p < 0.05, SEM:
standard error of means; BWG: body weight gain; EP: egg production; EW: egg weight; EM: egg mass; FI: feed
intake; FCR: feed conversion ratio; HR: group fed diet with 16.7:1 w-6/w-3 PUFA; MR: group fed diet with 9.3:1
w-6/w-3 PUFA; LR: group fed diet with 5.5:1 w-6/w-3 PUFA.

Table 3 displays the effect of w-6/w-3 PUFA ratio on eggshell quality measurements of
LSL laying hens. The diet affected the egg shape index and shell percentage by varying w-
6/ w-3 ratios. However, LSL hens fed a HR diet produced eggs with greater shell thickness
than the other groups (+3.58 and +4.92% compared to MR and LR groups, respectively). In
the same way, the HR group has a higher (p < 0.05) value of SWUSA than the other groups
(+2.76 and +4.38% compared to the MR and the LR groups, respectively).

Table 3. Effect of w-6/w-3 PUFA ratio on external egg quality traits of LSL laying hens.

ESI SW ST SWUSA

Treatments o o Py
%o Yo pm mg/cm
HR 735 9.45 4052 85.72
MR 722 9.35 391b 83.4P
LR 732 9.18 386" 82.1P

SEM 0.53 0.128 13.1 0.90

p value 0.356 0.421 0.038 0.027

ab means within a column within trait not sharing similar letters are significantly different p < 0.05; SEM: standard
error of means; ESI: egg shape index; SW: shell weight; ST: shell thickness; SWUSA: Shell weight per unit of
surface area, HR: group fed diet with 16.7:1 w-6/w-3 PUFA; MR: group fed diet with 9.3:1 w-6/w-3 PUFA; LR:
group fed diet with 5.5:1 w-6/w-3 PUFA.

Table 4 illustrates the effect of the w-6/w-3 ratio on the egg yolk quality of LSL laying
hens. According to the results, the w-6/w-3 PUFA ratio did not significantly affect the
percentage, index, total lipids, or yolk to albumen ratio. However, the intensity of the yolk
color progressively increased from HR to LR group (p < 0.01).
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Table 4. Effect of w-6/w-3 ratio on egg yolk quality of laying hens.
Treatments Yolkzvelght Yolkomdex Yolk T(:)tal Solid Yolk: Yolk Color
%o Yo Yo Albumen

HR 31.6 449 52.9 0.532 5.58 ¢
MR 313 459 514 0.527 6.08°
LR 31.1 45.3 52.3 0.523 6.837

SEM 0.19 0.33 0.71 0.01 0.09

Pvalue 0.551 0.354 0.412 0.652 0.001

2=¢ means within a column within trait not sharing similar letters are significantly different p > 0.05, SEM: standard
error of means HR: group fed diet with 16.7:1 w-6/w-3 PUFA; MR: group fed diet with 9.3:1 w-6/w-3 PUFA; LR:
group fed diet with 5.5:1 w-6/w-3 PUFA.

Table 5 represents the effect of the w-6/w-3 ratio on the egg albumen quality of LSL
laying hens. Except for meat and blood spots, the other albumen quality traits were not
significantly influenced by the w-6/w-3 PUFA ratio in the diets. The meat and blood spots
were the highest (p = 0.01) in the HR treatment.

Table 5. Effect of w-6/w-3 ratio on egg albumen quality of laying hens.

Treatments 1t/W pH A::/FS HUS N{,/BS
HR 59.0 8.36 11.3 82.3 0.152
MR 59.4 8.31 113 81.4 0.10P
LR 59.7 8.29 11.0 82.3 0.10°

SEM 0.323 0.093 0.213 1.12 0.047
p value 0.523 0.426 0.725 0.834 0.010

ab: means within a column within trait not sharing similar letters are significantly different; p < 0.05; SEM:

standard error of means; AW: albumen weight; ATS: albumen total solids; HUS: Haugh unit score; MBS: meat and
blood spots; HR: group fed diet with 16.7:1 w-6/w-3 PUFA; MR: group fed diet with 9.3:1 w-6/w-3 PUFA; LR:
group fed diet with 5.5:1 w-6/w-3 PUFA.

Table 6 displays the influence of the w-6/w-3 ratio on the egg health indices of LSL lay-
ing hens. Significant influences of various w-6/w-3 PUFA ratios on egg health indices were
observed. Due to the low w-6/w-3 ratio, the atherogenic, thrombogenic, hypocholesteremic,
and hypocholesterolemic/hypercholesterolemic indexes were improved (p < 0.01). The
best (lowest) indices came from hens fed the LR diet.

Table 6. Effect of w-6/w-3 ratio on egg health indices from LSL laying hens.

Treatments Al TI Hypo CI Hypo/Hyper CI
HR 0.60 2 1.06 2 211°¢ 210°¢
MR 046" 0.66"° 291P 291°
LR 0.39 ¢ 0.46 € 3512 3.52%
SEM 0.04 0.11 0.25 0.25
p Value 0.001 0.001 0.001 0.001

4~¢ means within a column within trait not sharing similar letters are significantly different p < 0.05, SEM: standard
error of means; Al: atherogenic index; TI: thrombogenic index; HypoC: hypochoelsterolemic index; Hypo/hyper
CI: hypo/hypercholesterolemic index; HR: group fed diet with 16.7:1 w-6/w-3 PUFA; MR: group fed diet with
9.3:1 w-6/w-3 PUFA; LR: group fed diet with 5.5:1 w-6/w-3 PUFA.

Table 7 illustrates the effect of the w-6/w-3 PUFA ratio on the fatty acid profile of the
yolk of LSL laying hens. The birds fed LR and MR diets produced eggs with lower (p < 0.01)
SFA, mainly 14:0 and 16:0 fatty acids, and higher (p < 0.01) UFA and PUFA compared to the
HR group. The UFA /SFA of the LR group is higher (p < 0.01) than that of the HR group.
The w-6 fatty acids were unaffected by dietary treatments, while the w-3 progressively
increased (p < 0.01) from HR to LR group, and, as a consequence, an opposite trend was
observed for the w—6/w-3 PUFA ratio, which progressively decreased from HR to LR
group. The w-3 yield of MR and LR groups was higher (p < 0.01) than that of the HR group.
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Table 7. Effect of w-6/w-3 ratio on egg yolk fatty acids profile (%) of laying hens.

Fatty Acids HR MR LR SEM p Value
C12:0 0.063 0.058 0.055 0.0045 0.123
C14:0 04112 0.351b 0.321b 0.013 0.001
C16:0 27.49 2 21.85P 19.14 ¢ 0.493 0.002
C18:0 9.41 9.45 8.75 0.664 0.453

SFA 37.372 31.712 28.27b 0.725 0.001
C16:1 3972 3.65ab 327b 0.112 0.002
C18:1 36.4 35.8 36.15 4.15 0.632

MUFA 40.17 39.45 39.42 4.17 0.376
C18:2 19.82 21.63 20.54 391 0.485
C18:3 0.871°¢ 413b 8.152 0.023 0.003
C20:4 1.04° 1.69 2 1.632 0.027 0.001
C20:5 0.013" 0.016" 0.0522 0.011 0.01
C22:5 0.061" 0.081P 02112 0.013 0.004
C22:6 0.661 ¢ 1.29b 1.732 0.059 0.001
PUFA 22.46P 28.84 2 32314 4.187 0.031
UFA 62.63P 68.292 71.732 0.853 0.004
UFA /SFA 1.68P 2.153b 2542 0.072 0.002
w-6 20.92 23.4 22.38 412 0.524
w-3 1.55¢ 5.44b 9932 0.075 0.001
w-6:w-3 13.50 2 430b 225¢ 1.037 0.001
w-3 yield 4.46°¢ 9302 10.96 2 1.63 0.001

a¢: means within a row within each factor not sharing similar letters are significantly different p > 0.05. SFA:
saturated fatty acids, UFA: unsaturated fatty acids, UFA /SFA: unsaturated to saturated fatty acids ratio, PUFA:
polyunsaturated fatty acids. SEM: standard error of means, w-3 yield = w-3 in egg/w-3 intake. HR: group fed
diet with 16.7:1 w-6/w-3 PUFA; MR: group fed diet with 9.3:1 w-6/w-3 PUFA; LR: group fed diet with 5.5:1
w-6/w-3 PUFA.

Table 8 illustrates the effect of the w-6/w-3 PUFA ratio on the immune indices and
survival rate of LSL laying hens. Results showed a significant enhancement in lymphocyte
transformation test (LTT) and lysozyme activity (LA) due to offering 5.5:1 and 9.3:1 w-6/ w-3
PUFA ratios compared to 16.7:1 w-6/w-3 PUFA ratio. The hens of MR group showed the
highest LTT value, while those of LR group showed the best LA. The survival rate of laying
hens was not significantly different among the three w-6/w-3 PUFA ratios.

Table 8. Effect of w-6/w-3 ratio on immune responses indices and survival rate of laying hens.

Treatments PA PI LTT BA LA HINDV Survival Rate
0/0 0/0 0/0 0/0 IUO/O L0g2 0/0
HR 17.5 1.67 16.1¢ 40.0 0.03P 3.78 95.0
MR 189 1.62 1862 39.9 0.03b 4.01 97.5
LR 19.7 1.69 17.4P 41.7 0.052 441 100
SEM 0.24 0.07 0.241 0.53 0.003 0.16 0.63
p value 0.523 0.431 0.010 0.731 0.001 0.153 0.321

2¢: means within a column within each factor not sharing similar letters are significantly different p < 0.05. PA:
phagocytic activity, PI: phagocytic index, LTT: lymphocyte transformation test, BA: bactericidal activity, LA:
lysozyme activity, HINDV (Log,): antibody titration against Newcastle disease virus (hemagglutination inhibition
(HI)), IU: international unit. SEM: standard error of means HR: group fed diet with 16.7:1 w-6/w-3 PUA; MR:
group fed diet with 9.3:1 w-6/w-3 PUFA; LR: group fed diet with 5.5:1 w-6/w-3 PUFA.

4. Discussion

The low BWG of LSL hens fed LR diet shows that decreasing w-6/w-3 PUFA of the
diets from 16.7:1 to 5.5:1 has a great effect on bird metabolism, also considering that the
feed intake of LR group was not different from that of MR, who had a similar BWG than
HR group. A possible explanation of this aspect is that a lower w-6/w-3 ratio may inhibit
lipid synthesis and increase the fatty acid oxidation and/or energy expenditure [35]. It was
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observed that the BW of broiler breeders increased as the w-6/w-3 PUFA ratio in their diets
increased [36].

The high BWG of hens 153-173 g observed herein during 8 wk experimental period
could be explained by the lower egg production and egg mass outputs compared to the
target production by LSL management guide. Considering energy metabolism, it is known
that energy is used for egg production, birds” activity, and body weight gain. In the current
study, as laying hens were housed in cages, their movements were restricted by the space
allowed. Thus, energy surpassing the production process can be used for BWG, which is
most likely to be fat deposition [37-39].

Except for the egg weight, most aspects of laying performance were significantly
affected by the w-6/w-3 ratio. The hens exhibit, in general, higher laying performance with
a w-6/w-3 ratio of 9.3:1. Thus, the enhancement in egg performance (egg mass and laying
rate) could be attributed to oil supplementation, which acts as a source of essential fatty
acids [39]. The present study demonstrated that hens fed the diet with the medium ratio of
w-6/w-3 had a better FCR than the control (HR group). This result could be explained by
the enhanced laying rate and decreased feed intake. Increasing flax oil supplementation
to 8% in the group receiving the lowest w-6/w-3 ratio (LR diet) resulted in similar laying
performance to the HR group. In the literature, compared to hens fed a 7.6:1 w-6/w-3
PUFA ratio, hens fed a 0.6:1 w-6/w-3 PUFA ratio showed a marked increase in laying
rate but a decrease in egg weight. In contrast, egg mass did not vary significantly [40].
In addition, laying hens’ diets supplemented with bio-omega-3 positively affected the
hens’ overall laying performance, showing higher laying persistence [41]. The feed intake
decreased when the w-6/w-3 PUFA ratio was dropped to 9.3:1 or 5.5:1, indicating a similar
inhibitory effect of the MR and LR diets without adverse effects on laying performance. The
improvements in feed efficiency over the control (HR group) were similar and accounted
for 8.26 and 3.31%, respectively. This improvement in laying performance due to flax
oil supplementation at 3.6% indicated that this level can be considered satisfactory in
laying hens’ diets: in fact, a further increase to 8% did not have further effects. Like
the present results, when the w-6/w-3 ratio decreased, feed intake decreased, and FCR
improved [42—-44]. Other authors [45] found that feeding different w-6/w-3 ratios did not
affect hens’ feed intake and FCR. These disparities in published results reflect different
laying strains, dietary regimens, and environmental conditions.

It is worth noticing that the low production performance of LSL hens observed herein
during the experimental period compared to the objectives published in the LSL manage-
ment guide could be attributed to harsh weather conditions associated with high outdoor
temperature and relative humidity 39 & 4 and 52 =+ 7, respectively during the experimental
period. In addition, the production of chickens outside the selection region is always
lower than that in the organ of selection. This could be due to different environmental,
management, husbandry, and nutrition regimens [6,37-39].

The improvement in eggshell quality observed in hens fed a diet containing 16.7:1
w-6/w-3 may indicate increased calcium/mineral availability for eggshell formation. Simi-
larly, Peebles et al. [36] found that feeding layers with a 24.7 w-6/w-3 ratio resulted in a
significant positive impact on the eggshell weight of laying hens compared to feeding with
a 13.4 w-6/w-3 ratio. In addition, increasing the ratio of w-6/w-3 PUFA from 6 to 8 to 14:1
increased the percentage of shell weight in brown dwarf hens [45]. Breeder hens fed diets
containing a higher w-6/w-3 PUFA produced eggs with a higher eggshell percentage and
specific gravity than those fed diets with lower ratios [45]. However, not all the researchers
reached the same conclusions. In another study, the shell thickness of hens provided a
diet with 0.6:1 w-6/w-3 PUFA ratio was greater than that of hens fed a 7.6:1 w-6/w-3
PUFA ratio, while there were no marked variations in shell weight [46]. The decrease in
eggshell quality of laying hens in MR and LR groups could result from increased flax oil
supplementation from 3.6% to 8%: increasing oil/fat supplementation increased calcium
soap formation, hence decreased calcium absorption and limited calcium availability for
eggshell formation [47].
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As expected, the dietary treatments strongly influenced the inner quality of the eggs,
particularly the yolk quality. The color of the yolk becomes darker from the HR to LR
diet. Similarly, dietary flax oil at 2% (with a w-6/w-3 ratio of 1.4) increased the yolk color
index compared to diets with 13 or 17 ratios [47]. The positive influences of dietary fats
on carotenoid, lutein and zeaxanthin absorption in the intestines has been attested [48]. In
partial agreement with the present findings, the yolk weight and color of hens fed 0.6:1
and 7.6:1 w-6/w-3 PUFA ratios did not differ significantly [39]. Yannakopoulos et al. [40]
found that hens fed a diet enriched with bio-w-3 produced more yolk total solids (e.g.,
fatty acids) than hens provided the control (HR) diet. The yolk lipid profile reflects the
dietary w-6/w-3 PUFA ratio changes that modify lipid metabolism in laying hens [47].
According to Guenter et al. [49], increasing the linoleic acid (w-6) content in hens’ diets
led to greater egg yolk lipid content than when hens were fed lower levels of linoleic
acid. However, increasing w-3 PUFA in the diet could limit the availability of the lipids
for yolk formation [50] due to the increased lipid oxidation and decreased de novo lipid
synthesis [32]. Yalcin et al. [51] found that the w-6/w-3 ratio of 24.5:1 or 1:1 did not affect
the egg yolk health index, including total cholesterol. Similar results were also observed by
other authors [52].

The efficiency of w-3 transfers from feeds to eggs in the present trial was calculated
to be 4.46, 9.3, and 10.96%, respectively, for HR, MR, and LR diets. These results indicate
a gradual increase in yolk w-3 deposition, reflecting the dietary increase in w-3 intake by
laying hens. In accordance with the present results, the fatty acid profile of the egg yolks of
hens receiving diets with vegetable oils changes according to the dietary oil fed [4,53-57].
Moreover, a gradual effect of the w-6/w-3 PUFA ratio in feed and egg yolk (15.99 and
2.34;16.72 and 4.34, respectively) revealed that 3% of tuna oil supplementation was a good
predictor of the w-6/w-3 PUFA ratio in yolk [55]. Additionally, the w-6/w-3 PUFA ratio in
the egg yolk is directly related to the type of oil (soybean vs. linseed) and w-6/w-3 ratio
(10.17 vs. 0.83) [56]. Irawan et al. [57] reviewed the published literature and revealed a
stepwise positive relationship among the levels of a-linolenic acid, total w-3 PUFA, and the
dietary w-6/w-3 ratio with the formation of EPA, DHA, total w-3 PUFA, and the w-6/w-3
ratio in the eggs with various magnitudes. The intercept and the slope estimated for the
dietary composition of w-3 PUFA were 15.12 and -0.15, respectively, on w-3-PUFA in
eggs. Furthermore, w-3 PUFAs positively affected the digestibility of nutrients and the gut
morphology of hens farmed under stress conditions [58]; however, they cannot reduce the
adverse influences observed under stress.

Recently, the eggs produced to have high levels of w-3 demonstrated a nutritional
value comparable to the w-3 capsules [59]. In the present trial, decreasing the w-6 to w-3 ra-
tio of the diets improved all the health indices of the eggs (Al TI, HypoCI, Hypo/HyperCI),
according to Vlaicu et al. [60]. This is very interesting and could open new perspectives
in terms of egg production for human consumption. The egg is a food with two essential
characteristics: it has a low cost and is a good source of nutrients such as protein, vitamins,
minerals, essential fatty acids, phospholipids, sphingomyelin, lutein, zeaxanthin, antioxi-
dants, and choline [61,62]. However, a single egg can supply 186-230 mg of cholesterol,
which raised suspicion that egg consumption can be related to increased cardiovascular
disease (CVD) risks and other problems. The role of egg cholesterol in human blood
cholesterol concentration is not well understood yet [63]. Although a recent review [64]
stated that there are inconsistent results regarding the possible relationship between the
number of consumed eggs and the incidence of CVD, diabetes, and other pathologies,
several researchers indicated an association between egg consumption and cause-specific
mortalities in humans [65-67]. In contrast, other studies stated the contrary [68,69]. To
better clarify the relationship between egg consumption and CVD, it is mandatory to well
understand the fate of egg cholesterol in the gastrointestinal tract, including the role of
the intestinal microbiota, as hypothesized by Sanlier and Ustun [64]. Waiting to improve
knowledge on this topic, increasing egg health indices is a possible tool to encourage the
consumption of eggs and reassure consumers about the possible risks.
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The eggs produced by LSL hens provided the HR feed had higher blood and meat
spots percentages than those of the LR group, showing improved interior egg quality due
to the lowering of w-6/w-3 ratio. However, the quality of albumen is generally unaffected
by the w-6/w-3 ratio of the feeds, according to other authors [40]. This happens because
albumen is mainly represented by proteins, without fats. However, other authors [41]
observed that hens fed bio-w3-enriched diets produced less albumen than those provided
a control, unenriched diet. These differences in albumen quality traits may be attributed to
hen age, strain, feeding regimen, and environmental conditions [46,47].

According to our results, laying hens offered feeds with w-6/w-3 PUFA ratios of 29.33,
56.72,1.35, and 2.41 had total antibody titers of 7.36, 7.74, 6.87, and 8.07, respectively [58].
Dietary w-3 PUFA decreases phagocytosis in broiler chickens [70]. The survival rate of
laying hens fed LR and MR diets were not significantly different from laying hens fed the
HR diet. These indicated that different w-6/w-3 PUFA ratios studied herein did affect the
survival rate.

5. Conclusions

Laying hens fed the intermediate level of w-6/w-3 PUFA ratio (9.3:1) had improved
laying performance compared to the hens fed the diet with the highest ratio (16.7:1). The
intermediate level of w-6/w-3 seems to be the best ratio, as further increases in w-3 as
in the LR diet did not induce further improvements. Instead, the low w-6/w-3 ratio
(5.5:1) in the laying hens’ diet was the best level regarding the egg quality: in fact, egg
health index, w-3 deposition in the yolk, and immune response were strongly improved
compared to the other w-6/w-3 levels. However, decreasing w-6/w-3 ratio in the diet of
hens reduced the shell thickness. Thus, w-3 can be increased in the laying hens diets up
to an appropriate percentage, depending on the purpose of production (eggs for human
consumption or incubation).
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