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ABSTRACT The impact of feeding sources of n-3
fatty acids (FA) to ISA brown and Shaver white breeders
and their female offspring during rearing on egg pro-
duction, eggshell, tibia, and keel bone attributes was
examined. Breeders were fed Control (CON) or
CON + 1% dried microalgae (DMA: Aurantiochytrium
limacinum) as the source of docosahexaenoic acid or
CON + 2.6% of a coextruded mixture of full-fat flaxseed
(FFF) and pulses as a source of @-linolenic acid. Day-old
offspring were fed 1) breeder CON-pullet CON (CON-
CON), 2) breeder CON-pullet DMA (CON-DMA), 3)
breeder CON-pullet FFF (CON-FFF), 4) breeder DMA-
pullet CON (DMA-CON), 5) breeder DM A-pullet DMA
(DMA-DMA), 6) breeder FFF-pullet CON (FFF-CON),
and 7) breeder FFF-pullet FFF (FFF-FFF). At 18 wk of
age (WOA), pullets were fed a common layer diet to 42
WOA for egg production and bone quality assessments.
There was no (P > 0.05) interaction between strains and
diets and the main effect of diets on egg production, egg

mass, and eggshell quality. There was an interaction
(P = 0.008) between strain and diet on egg weight (EW);
however, the strain effect on EW (P < 0.001) was such
that ISA brown had heavier eggs than Shaver white.
Shaver white had higher (P < 0.001) eggshell %, eggshell,
and tibia breaking strength (BS), as well as tibia ash
concentration compared with ISA brown hens. In
contrast, ISA brown hens exhibited heavier (P < 0.05)
tibia and keel bones. Feeding breeders DMA and pullets
both sources of n-3 FA increased tibia medullary ash
concentration compared with other diets (P < 0.001).
Shaver white hens showed greater decline in tibia BS
(83.7 vs. 96.3%) and ash content (84.1 vs. 94.3%) than
ISA brown hens from 18 to 42 WOA (P < 0.05).
Strain and diets exhibited independent effects on
eggshell, tibia, and keel attributes. Provision of o-lino-
lenic acid and docosahexaenoic acid to breeders and
offspring improved tibia medullary ash concentration at
42 WOA.
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INTRODUCTION

The high demand for eggs has put increased pressure
on the individual laying hen, which has resulted in the
modern hen experiencing bone deterioration throughout
the laying cycle, leading to a high occurrence of osteopo-
rosis (Whitehead, 2004). Keel bone fractures are another
skeletal issue that compromises the welfare and health of
layers (Casey-Trott et al., 2015). To prevent the devel-
opment of osteoporosis in laying hens, the peak bone
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mineral density of structural bones should ideally be
achieved and sustained before the onset of lay (Kuroda
et al., 2017). In addition to counteracting the develop-
ment of osteoporosis, a healthy skeletal system has a
direct impact on eggshell quality. It has been reported
that around 60% of calcium in an eggshell is derived
from diet, whereas the rest 40% of calcium is supplied
by the skeletal system (Elaroussi et al., 1994). Eggshell
strength is one of several key elements in ensuring the
safety and integrity of the egg contents. About 10% of
downgraded eggs at grading stations are rejected
because of inferior eggshell quality (Kemps et al., 2006).

Nutrition and environmental stimuli of breeding hens
have profound effects on progeny growth and meta-
bolism (Uni et al., 2005). The lipid component of a fertil-
ized egg is the one that constitutes more than 30% of the
yolk (Brenner, 1971). Egg fat is a major source of energy
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and essential fatty acids (FA) during embryogenesis and
early posthatch as it contains linoleic acid (LA) and o-
linolenic acid (ALA) (Noble and Cocchi, 1990). Linoleic
acid and ALA are involved in the production of a variety
of FA, and yet in all avian species, LA and ALA cannot
be synthesized de novo and must be supplied by the diet
(Brenner, 1971). The efficacy of the production of long-
chain n-3 and n-6 polyunsaturated FA (PUFA) from
LA and ALA is dependent on the concentration of
both groups of FA because of the involvement of the
same desaturase and elongase enzymes (Brenner,
1971). An example of an n-3 long-chain PUFA synthe-
sized from ALA is docosahexaenoic acid (DHA), which
is crucial for many biological processes. Currently, little
consideration is given to the composition of the breeder
hen dietary FA composition and what effect it may
have on reproduction and/or offspring (Cherian, 2011).
The addition of FA to a growing hen’s diet, especially
n-3 PUFA, is believed to possess various health benefits,
most notably increasing bone mineral content and atten-
uating age-related bone loss (Boeyens et al., 2014).

Previous reports demonstrated that feeding ISA brown
and Shaver white pullet breeders ALA and DHA
enhanced embryonic utilization of DHA (Akbari
Moghaddam Kakhki et al., 2020a) and delayed prehatch
tibia mineralization (Akbari Moghaddam Kakhki et al.,
2020b). Further investigations showed that feeding
ALA and DHA to breeders and pullets supported cortical
development in Shaver white pullets at 18 wk of age
(WOA) but not in ISA brown pullets (Akbari
Moghaddam Kakhki et al., 2020b). There is minimal
research on the effect of feeding n-3 FA during breeder
and rearing phases and the subsequent impact on eggshell
and bone quality in hens. Bone remodeling has been
shown to make hens susceptible to osteoporosis. There-
fore, the hypotheses of this study were that feeding n-3
FA to the breeder, pullets, or both would improve
eggshell and bone quality at 18 WOA through 42
WOA. Furthermore, it was hypothesized that these ef-
fects may be strain specific. The present study aimed to
follow the pullets from previous studies (Akbari
Moghaddam Kakhki et al., 2020a.b) to the laying house
phase. Therefore, the objective was to investigate the
effects of feeding n-3 FA to breeders and their female
progeny during rearing or feeding n-3 FA to breeders
only on egg production, eggshell, and bone quality in
ISA brown and Shaver white hens.

MATERIALS AND METHODS

Birds were cared for under the Canadian Council on
Animal Care guidelines (CCAC, 2009). The Animal
Utilization Protocol (#3675) was approved by the Uni-
versity of Guelph Animal Care Committee.

Birds and Management

ISA brown and Shaver white breeder birds (243
females and 36 males per strain) were distributed at 26
WOA into 3 dietary treatments as previously described
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in the study by Akbari Moghaddam Kakhki et al.
(2020a): 1) corn-soybean meal-based diet identified as
control (CON), 2) CON plus 1% of dried microalgae
(DMA, Aurantiochytrium limacinum) supplement as a
rich source of DHA (Alltech, Nicholasville, KY), and
3) CON plus 2.6% of a 1:1 (wt/wt) coextruded full-fat
flaxseed (FFF) and pulse mixture as a source of ALA
(LinPRO, O & T Farms Ltd., Regina, SK, Canada).
The 1% DMA inclusion level was chosen as previous re-
ports demonstrated an increase in the enrichment of n-3
PUFA by twofold in layer hens (Ao et al., 2015). The in-
clusion level of FFF was selected to give an equal concen-
tration of the total n-3 and n-6 FA to the DMA diet. The
housing system, lighting regiment, and feeding regiment
offered before the experimental diets were fed are
described in the study by Akbari Moghaddam Kakhki
et al. (2020a). After 30 D on the experimental diet, 10
eggs were collected and submitted for FA analyses to
confirm n-3 PUFA deposition as previously described
(Akbari Moghaddam Kakhki et al., 2020a). n-3 FA
deposition in eggs was tested, confirming breeder-
feeding of DMA and FFF increased the concentration
of DHA and ALA, respectively, compared with CON
(Akbari Moghaddam Kakhki et al., 2020b). After n-3
confirmation in eggs, 1,549 eggs of ISA brown and
1,560 eggs of Shaver white hens were collected, marked,
and incubated at 37.5°C with 55% humidity for 19 D and
hatched set at 36.9°C with 66% humidity in a
commercial-grade incubator and hatcher (Nature
Form, Jacksonville, FL) at the Arkell Poultry Research
Station (Guelph, ON, Canada).

On the day of hatch (DOH), female hatchlings were
weighed individually, transported to the brooding
room, and distributed into posthatch treatments,
ensuring that there was no significant difference in
body weight among each group as previously described
in Akbari Moghaddam Kakhki et al. (2020b). At the
DOH and with respect to breeder diet, female progeny
were assigned to the following diets: 1) breeder CON-
pullet CON (CON-CON), 2) breeder CON-pullet
DMA (CON-DMA), 3) breeder CON-pullet FFF
(CON-FFF), 4) breeder DMA-pullet CON (DMA-
CON), 5) breeder DMA-pullet DMA (DMA-DMA), 6)
breeder FFF-pullet CON (FFF-CON), and 7) breeder
FFF-pullet FFF (FFF-FFF). Posthatch diets (Table 1)
were balanced to meet or exceed nutrient requirements
(Table 2) from hatch to prelay (Commercial Product
Guide-ISA Brown, 2018; Commercial Product Guide-
Shaver White, 2018. Diets containing DMA and FFF
in breeder and progeny phases had the same total
amount of total n-3 FA and n-6:n-3 FA ratio (Akbari
Moghaddam Kakhki et al., 2020a,b).

Twelve birds of the same breeder diets were placed in
20" X 30" cages (Ford Dickson Inc., Mitchell, ON, Can-
ada) with 5 replications for each posthatch diet and kept
until 42 WOA. Information about the housing system,
temperature, and lighting regiment is given in the study
by Akbari Moghaddam Kakhki et al. (2020b). In accor-
dance with the Canadian National Farm Animal Care
Council, a minimum space allowance of 67.0 square
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Table 1. Composition of the experimental diets for the ISA brown and Shaver white pullets, as feed basis.
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Starter Grower Developer Prelay
Item' CON DMA FFF CON DMA FFF CON DMA FFF CON DMA FFF
Ingredient, g/kg
Corn grain 611.13 598.39 590.44 478.89 473.00 464.40 419.42 435.13 417.64 474.52 490.23 472.74
Soybean meal 311.16  327.00 317.09 253.76  251.80 243.80 17592 176.16 167.82  209.80  209.90  201.57
Wheat - - - 70.00 70.00 70.00 60.00 50.00 60.00 60.00 50.00 60.00
Corn gluten, 18.83 6.45 7.59 - - - - - - - - -
60.4% CP

DMA” - 10.00 - - 10.00 - - 10.00 - - 10.00 -

FFF® - - 26.50 - - 26.00 - - 24.50 - - 24.50
Wheat middlings - - - 130.00 130.00 130.00 275.20 265.57 265.69 147.40 137.77 137.89
Soybean oil 1.50 1.50 1.50 10.00 7.00 7.40 9.00 3.00 4.00 9.00 3.00 4.00
Limestone fine 17.98 17.90 17.90 19.50 20.00 20.00 20.15 20.06 20.09 58.41 58.33 58.36
Monocalcium 19.25 19.09 19.10 15.16 15.50 15.50 16.42 16.41 16.40 17.58 17.57 17.56

phosphate

Poultry premix” 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00 10.00
DL-Methionine, 99% 2.38 2.48 2.48 2.83 2.80 2.90 3.18 3.18 3.20 3.23 3.24 3.25
L-Lysine HCI, 78% 0.89 0.51 0.57 2.05 2.10 2.10 2.82 2.83 2.87 2.35 2.35 2.39
L-Threonine, 98% 0.24 0.19 0.24 0.94 0.90 1.00 1.20 1.19 1.24 1.03 1.43 1.46
Salt 1.86 1.95 1.99 0.69 0.70 0.70 1.45 1.45 1.48 1.43 1.02 1.06
Sodium bicarbonate 3.75 3.50 3.55 5.16 5.10 5.10 4.21 4.13 4.18 4.21 4.13 4.18
Choline chloride, 60% 0.89 0.89 0.89 0.89 0.90 0.90 0.89 0.89 0.89 0.89 0.89 0.89
Ethoxyquin® 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15

Abbreviations: CON, control; DMA, dried microalgae; FFF, full-fat flaxseed.
'The experimental diets of layer breeders are presented in the study by Akbari Moghaddam Kakhki et al. (2020a).
*Microalgae (Aurantiochytrium limacinum) fermentation product, as a source of docosahexaenoic acid (DHA), Alltech Canada, Guelph, Ontario,

Canada.

3Coextruded full-fat flaxseed and pulse mixture (1:1 wt/wt), as a source of @-linolenic acid (ALA), O & T Farms Ltd., Saskatoon, Saskatchewan,

Canada.

*Provided in kg of diet: vitamin A (retinol), 10,000 IU; vitamin Dy (cholecalciferol), 3,000 IU; vitamin E, 100 mg; vitamin Ky (menadione), 5.0 mg;
vitamin B; (thiamin), 4.0 mg; vitamin B, (riboflavin), 10.0 mg; vitamin By (niacin), 50.0 mg; vitamin Bjs (pantothenic acid), 20.0 mg; vitamin Bg
(pyridoxine), 4.0 mg; vitamin By (folic acid), 2.0 mg; vitamin By (cyanocobalamin), 30.0 mg; biotin, 200 mcg; choline, 400.0 mg; Mg, 110 mg; Zn, 80 mg;
Fe, 40.0 mg; Cu, 10.0 mg; I, 1 mg, Se, 0.31 mg.

’SANTOQUIN, Novus International Inc., Saint Charles, MO.

inches for white birds and 75.0 square inches for brown
birds after age of maturity must be provided (National
Farm Animal Care Council, 2017). After 18 WOA, the
population of each cage was reduced to 8 birds for ISA
brown and 9 birds for Shaver white, giving 75 and 67
square inches for ISA brown and Shaver white hens. Af-
ter the onset of lay, all birds from each dietary treatment
were fed a commercial diet without supplemental source
of n-3 FA containing 39.16% LA, 2.79% ALA (of total

fat), and 4.55% total fat throughout the laying phase
(Floradale Feed Mill, Floradale, ON, Canada).

Sampling

ISA brown and Shaver white pullets were kept sepa-
rately in 2 cage aisles in one house. Based on the original
schedule, eggshell quality analysis was planned to start
from 22 WOA. However, a mechanical malfunction of

Table 2. Calculated nutritional composition of the experimental diets for the ISA brown and Shaver white pullets, as fed basis.

Starter Grower Developer Prelay
Ttem' CON DMA FFF CON DMA FFF CON DMA FFF CON DMA FFF
Metabolizable energy, kcal /kg 2,900 2,900 2,900 2,800 2,800 2,800 2,700 2,700 2,700 2,700 2,700 2,700
Crude protein, % 21.00 21.00 21.00 19.10 19.10 19.10 17.20 17.20 17.20 17.20 17.20 17.20
Calcium, % 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 1.10 2.50 2.50 2.50
Analyzed calcium, % 1.15 1.15 1.17 1.20 1.18 1.77 1.20 1.20 1.21 2.52 2.51 2.49
Available phosphorus, % 0.48 0.48 0.48 0.40 0.40 0.40 0.44 0.44 0.44 0.45 0.45 0.45
Analyzed phosphorus, % 0.79 0.79 0.79 0.71 0.71 0.71 0.80 0.80 0.79 0.83 0.83 0.84
SID? Lysine, % 1.00 1.00 1.00 0.98 0.98 0.98 0.90 0.90 0.90 0.90 0.90 0.90
SID Methionine, % 0.53 0.53 0.53 0.53 0.53 0.53 0.54 0.54 0.54 0.54 0.54 0.54
SID Methionine + cystine, % 0.78 0.78 0.78 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76 0.76
SID Threonine, % 0.67 0.67 0.67 0.66 0.66 0.66 0.60 0.60 0.60 0.60 0.60 0.60
SID Tryptophan, % 0.23 0.23 0.23 0.21 0.21 0.21 0.18 0.18 0.18 0.18 0.18 0.18
Sodium, % 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
Chloride, % 0.23 0.23 0.23 0.16 0.16 0.16 0.20 0.20 0.20 0.20 0.20 0.20
>n-3, % 0.07 0.31 0.33 0.13 0.35 0.36 0.11 0.30 0.31 0.11 0.31 0.31
> -6, % 1.63 1.64 1.69 1.82 1.66 1.73 1.54 1.26 1.35 1.69 1.41 1.50
> n-6: > n-3 23.29 5.29 5.12 14.00 4.74 4.81 14.00 4.20 4.35 15.36 4.55 4.84

Abbreviations: CON, control; DMA, dried microalgae; FFF, full-fat flaxseed.
'The analyzed fatty acids profile is presented in Akbari Moghaddam Kakhki et al. (2020b).

Standardized ileal digestible.
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Table 3. Effects of feeding sources of docosahexaenoic and o-linolenic acids to ISA brown and Shaver white
breeders and their pullets on laying hen egg production from 25 to 42 wk of age."

Items Hen-day egg production, % Egg weight, g Egg mass, g/b/d
Strain Diet®
ISA brown CON-CON* 91.59 65.44% 59.77
ISA brown CON-DMA 93.96 64.02" 60.22
ISA brown CON-FFF 94.31 63.64>" 60.04
ISA brown DMA-CON 95.89 63.81" 61.21
ISA brown DMA-DMA 92.23 66.54" 61.32
ISA brown FFF-CON 90.77 65.11* 59.18
ISA brown FFF-FFF 95.48 64.66™" 61.77
Shaver white CON-CON 93.40 59.00° 55.20
Shaver white CON-DMA 94.51 59.55° 56.36
Shaver white CON-FFF 94.29 61.39"¢ 58.03
Shaver white DMA-CON 90.31 59.25° 53.50
Shaver white DMA-DMA 94.24 59.17¢ 55.81
Shaver white FFF-CON 94.90 58.41¢ 55.51
Shaver white FFF-FFF 95.71 59.58°¢ 57.07
SEM 1.809 0.681 1.248
Main effect
Strain
ISA brown 94.12 64.81% 60.58"
Shaver white 94.35 59.40" 55.82"
SEM 0.393 0.262 0.480
Breeder diet
CON 94.17 62.17 58.27
DMA 93.88 62.19 57.96
FFF 94.82 61.94 58.38
SEM 0.514 0.341 0.624
Offspring diet
CON-CON 93.51 62.22 57.48
CON-DMA 94.24 61.78 58.29
CON-FFF 94.30 62.52 59.04
DMA-CON 94.52 61.53 57.35
DMA-DMA 93.23 62.86 58.56
FFF-CON 94.04 61.76 57.34
FFF-FFF 95.59 62.12 59.42
SEM 0.705 0.482 0.882
Probabilities (P-value)
Strain 0.686 <0.001 <0.001
Breeder diets 0.396 0.839 0.882
Offspring diet 0.381 0.276 0.276
Strain X breeder diet 0.662 0.121 0.152
Strain X offspring diet 0.216 0.008 0.723

Values with uncommon superscripts within each column are significantly different (P < 0.05).

'"Data are means of 5 replications per each treatment.

Laying hens during 25 to 42 wk of age were not fed the experimental diets. These diets were only fed in the breeder

and progeny pullet stage.

3CON: control; DMA: dried microalgae (Aurantiochytrium limacinum) fermentation product, as a source of doco-
sahexaenoic acid; FFF: coextruded full-fat flaxseed and pulse mixture (1:1 wt/wt), as a source of @-linolenic acid.

“The day-old female pullets from breeders fed CON, DMA, and FFF were divided into 3 (CON, DMA, and FFF), 2
(CON and DMA) and 2 (CON, FFF) posthatch treatments, respectively. The order shows the breeder diet and pullet

diet (e.g., breeder diet-pullet diet, CON-CON).

the watering system and subsequent water shortage
occurred on 21 WOA in cage aisle of Shaver white birds,
resulting in mortality and drop in egg production. Before
the incident, the egg production was 61.4%, which drop-
ped to 26.8% because of the water shortage. The same
cage density (7 Shaver white and 6 ISA brown) was
maintained for both strains starting at 22 WOA. Body
weight was measured at 22, 23, and 24 WOA as an indi-
cator for the recovery. Birds were given 2 wk of recovery
time to reach the same egg production rate as before the
incident. Starting at 25 WOA egg numbers were
recorded daily, and half of the produced eggs were
randomly collected, labeled, weighed, and kept at 4°C
for eggshell quality analysis in every 4 wk. The last
eggshell quality measurement was performed on the

last day of the 41st wk. The eggshell quality testing
was performed within the 48 h after egg collection. At
42 WOA, birds were weighed and then palpated for tibia
and keel bone sampling. Hens with a hard eggshell in the
shell gland were chosen as described by Akbari
Moghaddam Kakhki et al. (2018a). Keel bone and left
and right tibias were dissected, defleshed, and stored at
—20°C for further analysis.

Sample Analyses

Eggshell thickness (EST) and eggshell breaking
strength (ESBS) were measured in accordance with the
method followed by Mwaniki et al. (2018). Eggshell
thickness (mm) was measured using a high-resolution
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Table 4. Effects of feeding sources of docosahexaenoic and @-linolenic acids to ISA brown and Shaver white
breeders and their pullets on laying hen eggshell quality from 25 to 42 wk of age."”

Eggshell
Ttems Eggshell thickness, mm Eggshell breaking strength, kgf Weight, g %
Main effect
Strain
ISA brown 0.429 4.24° 6.40 9.9
Shaver white 0.430 5.01* 6.50 11.1%
SEM 0.002 0.051 0.039 0.069
Breeder diet”
CON 0.428 4.63 6.45 10.5
DMA 0.433 4.63 6.42 10.5
FFF 0.427 4.62 6.48 10.5
SEM 0.002 0.068 0.053 0.091
Offspring diet”
CON-CON 0.427 4.67 6.46 10.4
CON-DMA 0.430 4.64 6.42 10.4
CON-FFF 0.426 4.57 6.47 10.6
DMA-CON 0.432 4.63 6.38 10.4
DMA-DMA 0.435 4.63 6.46 10.6
FFF-CON 0.428 4.66 6.43 10.5
FFF-FFF 0.426 4.57 6.51 10.5
SEM 0.003 0.097 0.075 0.129
Probabilities (P-value)
Strain 0.901 <0.001 0.094 <0.001
Breeder diets 0.088 0.989 0.772 0.971
Offspring diet 0.886 0.921 0.854 0.395
Strain X breeder diet 0.516 0.240 0.606 0.928
Strain X offspring diet 0.863 0.620 0.281 0.432

Values with uncommon superscripts within each column are significantly different (P < 0.05).

'Data are means of 5 replications per each treatment.

Laying hens during 25 to 42 wk of age were not fed the experimental diets. These diets were only fed in the breeder

and progeny pullet stage.

3CON: control; DMA: dried microalgae (Aurantiochytrium limacinum) fermentation product, as a source of doco-
sahexaenoic acid; FFF: coextruded full-fat flaxseed and pulse mixture (1:1 wt/wt), as a source of @-linolenic acid.

4The day-old female pullets from breeders fed CON, DMA, and FFF were divided into 3 (CON, DMA and FFF), 2
(CON and DMA) and 2 (CON, FFF) posthatch treatments, respectively. The order shows the breeder diet and pullet

diet (e.g., breeder diet-pullet diet, CON-CON).

nondestructive device with precision ultrasound (ORKA
Food Technology Ltd., Ramat HaSharon, Israel), and
ESBS was measured by Force Reader (ORKA Food
Technology Ltd., Ramat HaSharon, Israel). Eggs then
were cracked open, and the eggshells were washed by wa-
ter, dried for 24 h at 105°C, and weighed as described by
Akbari Moghaddam Kakhki et al. (2020a).

The left tibia sample dry weight, ash content, and ash
concentration in epiphysis, medullary, and cortical sub-
parts were measured in accordance with the followed by
Akbari Moghaddam Kakhki et al. (2018a). Right tibia
samples were used for measuring breaking strength
(BS) using an Instron material tester (Instron crop,
Canton, MA) with the crosshead speed of 2 mm/s, in
accordance with the method followed by Khanal et al.
(2019).

Calculations and Statistical Analyses

The normality of data was tested using UNIVARI-
ATE plot normal procedure (SAS, version 9.4, Cary,
NC). To demonstrate how dietary treatments modified
bone attributes through the lay cycle compared with
18 WOA, the measured bone attributes (total bone
and subparts) at 42 WOA were divided by previously re-
ported values of pullet phase (Akbari Moghaddam

Kakhki et al., 2020b), multiplied by 100 and reported
as a change index (CI, Akbari Moghaddam Kakhki
et al., 2018b). Data were subjected to nested factorial
arrangement for including a two-way ANOVA in 2
strains (ISA brown and Shaver white) and 3 breeder di-
ets factorial arrangement as well as a two-way ANOVA
in 2 strains and 7 posthatch diets factorial arrangement
using GLIMMIX procedure (SAS, version 9.4). Dry
weight, ash content of tibia, and keel bone were normal-
ized based on BW (Akbari Moghaddam Kakhki et al.,
2018a). Egg weight was considered as a covariate for
analyzing data of EST and ESBS. Significance was
declared at P < 0.05.

RESULTS
Egg Production and Eggshell Quality

Hen-day egg production was not affected by strain,
breeder diet, offspring diet, or interactions (P > 0.05;
Table 3). Egg weight was affected by the interaction be-
tween diet and strain (P = 0.008). This interactive effect
was not systematic and mainly demonstrated strain dif-
ferences. The ISA brown hens had 5.41 g heavier eggs
than Shaver white (P < 0.001). Egg mass was not
affected by the interaction between strain and breeder
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Table 5. Effects of feeding sources of docosahexaenoic and a-linolenic acids to ISA brown and Shaver white breeders and their
pullets on attributes of the whole tibia from 42-wk-old laying hens.™”

Tibia
Items BW, g Breaking strength, N* Weight, g* Ash weight, g Ash concentration, %
Strain Breeder diet
ISA brown CON 2,272.5 117.7%P 3.71% 1.63 44.02
ISA brown DMA 2,309.2 109.85¢ 3.38P¢ 1.55™P 44.97
ISA brown FFF 2,267.7 101.2° 3.57%P 1.55P 44.40
Shaver white CON 1,894.1 122.9*P 3.02¢ 1.35¢ 44.70
Shaver white DMA 1,894.0 132.2%P 3.04%4 1.40"¢ 46.08
Shaver white FFF 1,854.4 134.6 3.21°4 1.49%P< 46.38
SEM 43.756 5.618 0.066 0.042 0.527
Main effect
Strain
ISA brown 2,283.1" 109.6" 3.55" 1.58" 44.46"
Shaver white 1,880.8" 129.9° 3.09" 1.41° 45.72*
SEM 28.64 3.058 0.047 0.027 0.351
Breeder diet”
CON 2,083.3 120.3 3.37 1.49 44.36
DMA 2,101.6 121.0 3.21 1.48 45.52
FFF 2,061.1 117.9 3.39 1.52 45.39
SEM 37.89 3.973 0.058 0.031 0.457
Offspring diet’
CON-CON 2,120.2 114.6 3.29 1.47 44.46
CON-DMA 2,069.9 121.1 3.42 1.51 44.19
CON-FFF 2,059.9 125.1 3.39 1.50 44.43
DMA-CON 2,060.5 121.2 3.25 1.48 45.52
DMA-DMA 2,142.6 120.8 3.24 1.47 45.53
FFF-CON 2,036.6 115.9 3.41 1.53 45.04
FFF-FFF 2,085.6 119.9 3.30 1.51 45.74
SEM 53.59 5.618 0.088 0.053 0.646
Probabilities (P-value)
Strain <0.001 <0.001 <0.001 <0.001 0.017
Breeder diets 0.752 0.841 0.071 0.614 0.096
Offspring diet 0.678 0.731 0.732 0.943 0.952
Strain X breeder diet 0.909 0.025 0.035 0.022 0.543
Strain X offspring diet 0.188 0.383 0.642 0.338 0.103

Values with uncommon superscripts within each column are significantly different (P < 0.05).

h = 5.

Laying hens during 25 to 42 wk of age were not fed the experimental diets. These diets were only fed in the breeder and progeny pullet stage.

*Breaking strength N/kg BW.
‘g /kg BW.

SCON: control; DMA: dried microalgae (Aurantiochytrium limacinum) fermentation product, as a source of docosahexaenoic acid; FFF:
coextruded full-fat flaxseed and pulse mixture (1:1 wt/wt), as a source of o-linolenic acid.

The day-old female pullets from breeders fed CON, DMA, and FFF were divided into 3 (CON, DMA, and FFF), 2 (CON and DMA) and 2
(CON, FFF) posthatch treatments, respectively. The order shows the breeder diet and pullet diet (e.g., breeder diet-pullet diet, CON-CON).

diet, strain and offspring diet, or the main effect of
breeder and offspring diets (P > 0.05). ISA brown
hens had 4.76 g heavier egg mass than Shaver white
(P < 0.001). The EST and absolute eggshell weight
were not affected by the interaction between strain
and breeder diet, the interaction between strain and
offspring diet, or the main effect of strain, breeder diet,
and offspring diet (Table 4; P > 0.05). Shaver white
hens had greater ESBS and percentage of eggshell to
egg weight than ISA brown (P < 0.001). However, the
interaction between strain and breeder diet, the interac-
tion between strain and offspring diet, or the main effect
of breeder diet and offspring diet did not affect ESBS
and the percentage of the eggshell (P > 0.05).

Tibia and Keel Bones Attributes

Body weight and the majority of the tibia attributes
were not influenced by the interaction between strain
and offspring diet or the main effect of breeder and

offspring diets (P > 0.05; Tables 5 and 6). ISA brown
hens were 402.3 g heavier than Shaver white hens
(P < 0.001; Table 5). Shaver white hens had 18.5 and
1.3% higher whole tibia BS and ash concentration,
respectively, than ISA brown hens (P < 0.05). In addi-
tion, Shaver white hens had 14.9 and 12.1% lower whole
tibia and ash weight (P < 0.05). Tibia BS, weight, and
ash weight were affected by the interaction between
strain and offspring diets, which was not systematic
and mainly demonstrated strain differences (P < 0.05).
ISA brown hens had heavier tibia epiphysis than
Shaver white hens (P < 0.001; Table 6). ISA brown
hens showed heavier tibia medullary (0.46 vs. 0.39 g/
kg BW, P < 0.01) than Shaver whites, whereas Shaver
white hens had greater tibia medullary ash concentra-
tion (21.4 vs. 17.4%, P < 0.01) than ISA brown hens.
ISA brown had 14.2 and 11.4% greater tibia cortical
weight and ash content than Shaver white, whereas
Shaver white hens had 2.7% higher tibia cortical ash con-
centration (P < 0.001) than ISA brown hens.
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Table 6. Effects of feeding sources of docosahexaenoic and o-linolenic acids to ISA brown and Shaver white breeders and their
pullets on attributes of tibia subparts from 42-wk-old laying hens."

Epiphysis Medullary Cortical
Items Wt,g® Ashwt,g' Ashc, %° Wt, g Ashwt,g Ashc, % Wt, g Ashwt, g  Ashe, %
Main effect
Strain
ISA brown 1.90* 0.72% 38.06 0.46" 0.08 17.37° 1.21% 0.78* 64.62°
Shaver white 1.64" 0.62" 37.92 0.39" 0.08 21.36" 1.06" 0.70" 66.34*
SEM 0.031 0.013 0.509 0.007 0.002 0.399 0.022 0.014 0.293
Breeder diet®
CON 1.80 0.67 37.10 0.42 0.08" 18.48° 1.15 0.75 65.13
DMA 1.73 0.67 38.59 0.42 0.09* 21.42* 1.09 0.72 65.93
FFF 1.77 0.68 38.74 0.43 0.08" 18.63" 1.16 0.76 65.56
SEM 0.041 0.017 0.662 0.009 0.003 0.528 0.029 0.019 0.381
Diet’
CON-CON” 1.77 0.68 38.27 0.41 0.06° 13.68¢ 1.11 0.73 65.63
CON-DMA 1.80 0.66 36.27 0.43 0.09%" 20.71%P 1.19 0.77 64.72
CON-FFF 1.82 0.66 36.76 0.41 0.09*P 21.04»" 1.16 0.75 65.04
DMA-CON 1.73 0.67 38.53 0.43 0.10* 22.58" 1.08 0.71 66.02
DMA-DMA 1.73 0.67 38.64 0.41 0.08" 20.26™" 1.10 0.72 65.85
FFF-CON 1.81 0.69 38.55 0.44 0.08%" 18.07" 1.17 0.76 65.26
FFF-FFF 1.73 0.67 38.93 0.42 0.08" 19.20" 1.15 0.75 65.85
SEM 0.059 0.024 0.936 0.013 0.004 0.747 0.040 0.026 0.539
Probabilities (P-value)
Strain <0.001 <0.001 0.878 <0.001 0.250 <0.001 <0.001 <0.001 <0.001
Breeder diets 0.462 0.771 0.102 0.602 0.004 <0.001 0.191 0.278 0.277
Offspring diet 0.877 0.891 0.633 0.543 <0.001 <0.001 0.751 0.884 0.712
Strain X breeder diet 0.104 0.110 0.948 0.834 0.930 0.748 0.065 0.088 0.762
Strain X offspring diet 0.713 0.085 0.075 0.640 0.286 0.062 0.627 0.811 0.432

}Values with uncommon superscripts within each column are significantly different (P < 0.05). n = 5.
?Laying hens during 25 to 42 wk of age were not fed the experimental diets. These diets were only fed in the breeder and progeny pullet stage.

3Weight presented as g/kg of body weight.
4Ash weight.
’Ash concentration percentage.

SCON: control; DMA: dried microalgae (Aurantiochytrium limacinum) fermentation product, as a source of docosahexaenoic acid; FFF:
coextruded full-fat flaxseed and pulse mixture (1:1 wt/wt), as a source of o-linolenic acid.

"The day-old female pullets from breeders fed CON, DMA, and FFF were divided into 3 (CON, DMA, and FFF), 2 (CON and DMA) and 2
(CON, FFF) posthatch treatments, respectively. The order shows breeder diet and pullet diet (e.g., breeder diet-pullet diet, CON-CON).

The main effect of breeder diets on tibia subparts was
such that ash weight and ash percentage in offspring
were increased by breeder-feeding of DMA relative to
the CON and FFF (P < 0.005). The main effect of the
offspring diet on medullary ash content and ash concen-
tration was such that hens from CON-CON had the
lowest values compared with other dietary treatments
(P < 0.001). Hens fed DMA-CON had higher
(P < 0.001) tibia medullary ash concentration than
hens fed FFF-CON and FFF-FFF. There was no interac-
tion between strains and breeder diets, the interaction
between strain and offspring diets, or the main effect of
breeder and offspring diets on keel bone attributes
(P > 0.05; Table 7). The strain effect was such that
ISA brown hens had 23.5, 29.1, and 1.1% more keel
weight, ash content, and ash concentration, respectively,
than Shaver white hens (P < 0.05).

Evolution of Tibia Attributes From 18 to 42
WOA

There was no strain, breeder diet, offspring diet, and
interaction effects on CI of body and whole tibia weight
between 18 and 42 WOA (P > 0.05; Table 8). There was
neither interaction between strain and breeder diet and

between strain and offspring diet nor the main effect of
breeder and offspring diets on the CI of whole tibia BS,
ash content, and ash concentration (P > 0.05). However,
the strain effect was such that Shaver white hens showed
greater decline in whole tibia BS (83.7 vs. 96.3%) and ash
content (84.1 vs. 94.3%) at 42 WOA relative to 18 WOA
than ISA brown hens. Moreover, the CI of whole tibia
ash concentration was lower in Shaver white hens (117
vs. 128%) than in ISA brown hens. There was no inter-
action effect between strain, breeder, and offspring diets
(P > 0.05) on the CI of tibia epiphysis and medullary
weight, ash content, and ash concentration (Table 9).
Only strain effect was observed on the CI of tibia cortical
attributes, in this context. Shaver whites exhibited the
lower 42 WOA decline in cortical weight (70.1 vs.
78.7%), ash content (75.1 vs. 89.1%), and ash percentage
(107.1 vs. 113.9%) than ISA brown hens (P < 0.05).

DISCUSSION

The quality of eggshell has a considerable impact on
the profitability of the egg industry (Lichovnikova,
2007). In the present study, supplementing either
breeder progeny or both diets with n-3 FA did not affect
egg production and eggshell quality, which was consis-
tent with the previous report regarding the impact of
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Table 7. Effects of feeding sources of docosahexaenoic and a-linolenic acids to ISA
brown and Shaver white breeders and their pullets on keel bone attributes from

42-wk-old laying hens."?

Ttems Weight, g* Ash weight, g Ash concentration, %
Main effect
Strain
ISA brown 2.68" 1.11* 41.93*
Shaver white 217" 0.86" 39.79"
SEM 0.066 0.022 0.752
Breeder diet®
CON 247 1.00 40.48
DMA 2.32 0.97 41.91
FFF 2.48 0.98 40.40
SEM 0.086 0.029 0.995
Diet )
CON-CON"” 2.33 0.97 41.50
CON-DMA 2.44 1.04 42.69
CON-FFF 2.63 0.98 37.25
DMA-CON 2.42 1.05 43.25
DMA-DMA 2.22 0.90 40.56
FFF-CON 2.55 0.97 39.50
FFF-FFF 2.41 0.99 41.30
SEM 0.123 0.041 1.408
Probabilities (P-value)
Strain <0.001 <0.001 0.049
Breeder diets 0.345 0.804 0.468
Offspring diet 0.291 0.095 0.071
Strain X breeder diet 0.137 0.080 0.453
Strain X offspring diet 0.418 0.963 0.340

Values with uncommon superscripts within each column are significantly different

(P <0.05).

1
n=>5

?Laying hens during 25 to 42 wk of age were not fed the experimental diets. These diets
were only fed in the breeder and progeny pullet stage.

3Weight presented as g/kg of body weight.

“CON: control; DMA: dried microalgae (Aurantiochytrium limacinum) fermentation
product, as a source of docosahexaenoic acid; FFF: coextruded full-fat flaxseed and pulse
mixture (1:1 wt/wt), as a source of o-linolenic acid.

®The day-old female pullets from breeders fed CON, DMA, and FFF were divided into 3
(CON, DMA, and FFF), 2 (CON and DMA) and 2 (CON and FFF) posthatch treatments,
respectively. The order shows breeder diet and pullet diet (e.g., breeder diet-pullet diet,

CON-CON).

feeding n-3 FA on egg production and eggshell quality
(Amini and Ruiz-Feria, 2007; Nain et al., 2012; Wu
et al, 2018). Progressive deterioration of structural
bone throughout the laying cycle increases the
susceptibility of fractures and osteoporotic mortality
(Whitehead, 2004). Dietary interventions after the onset
of lay have been reported not to be effective in alleviating
the adverse effect of aging on structural bones (Akbari
Moghaddam Kakhki et al., 2018Db). It has been suggested
that nutritional strategies aiming to minimize osteopo-
rosis should not be focused on the late phase of lay cycle
or when there is a high risk of osteoporosis and that they
should preferably be implemented in the early stages of
skeletal development (Akbari Moghaddam Kakhki
et al., 2018b; Whitehead and Fleming, 2000).

Among nutritional interventions, n-3 FA is believed
to possess various health benefits such as increasing
bone mineral content and attenuating age-related
bone loss (Boeyens et al., 2014). The n-3 PUFA are
thought to modify bone resorption and formation
(Moon et al., 2012) through increasing intestinal Ca
absorption (Moon et al., 2012), synthesizing bone
collagen, circulating insulin-like growth factor 1,

decreasing locally produced prostaglandins (PG;
Mazzuco et al., 2005), and inflammatory cytokines
(Moon et al., 2012). A previous report showed that
breeders fed the same sources of n-3 FA reduced the
bone mineral content in hatchlings and increased
collagen type IT (Akbari Moghaddam Kakhki et al.,
2020b). Addition of DMA and FFF to both breeders
and their progeny increased cortical formation in
Shaver White pullets. However, the addition of DMA
and FFF to breeder diet or their progeny did not affect
bone development in ISA brown and Shaver white pul-
lets (Akbari Moghaddam Kakhki et al., 2020b). In the
present study, all birds of the previous phases were fed
commercial diets at the onset of lay, to examine the
impact of prehatch and pullet-phase feeding sources
of n-3 FA on the tibia epiphysis and cortical attributes
post-peak of egg production. Hens from breeders fed
DMA or pullets fed n-3 FA sources had greater ash
content and ash percentage in their tibia medullary.
However, the same pattern of response was not
observed in any other parameters including perfor-
mance, eggshell quality, and tibia BS. As a result,
the effects on medullary attributes on other
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Table 8. Effects of feeding sources of docosahexaenoic and @-linolenic acids to ISA brown and Shaver
white breeders and their pullets on the change of the whole tibia attributes in the 42-wk-old laying hen
relative to their 18-wk-old pullet attributes %."

Tibia
Items Bodyweight Breaking strength® Weight Ash weight Ash concentration
Main effect
Strain
ISA brown 129.0 96.3" 74.1 94.3" 127.9*
Shaver white 132.4 83.7° 72.3 84.1° 116.6
SEM 2.650 4.304 1.477 2.219 2.132
Breeder diet”
CON 131.4 86.4 73.6 87.3 118.7
DMA 132.9 96.7 72.8 90.2 124.3
FFF 127.5 88.7 73.0 91.3 125.6
SEM 3.503 5.694 1.921 2.885 2.771
Diet’
CON-CON’ 133.7 90.9 1.7 87.1 121.3
CON-DMA 130.9 89.0 73.8 87.4 118.7
CON-FFF 129.4 794 75.3 87.2 116.0
DMA-CON 131.8 94.1 69.7 89.2 128.5
DMA-DMA 134.1 99.2 75.9 91.1 120.2
FFF-CON 124.8 91.0 77.0 93.5 120.7
FFF-FFF 130.3 86.5 68.9 89.0 130.4
SEM 4.958 8.051 2.717 4.080 3.919
Probabilities (P-value)
Strain 0.382 0.043 0.508 0.003 <0.001
Breeder diets 0.531 0.374 0.937 0.527 0.118
Offspring diet 0.897 0.821 0.119 0.951 0.210
Strain X breeder diet 0.988 0.305 0.195 0.441 0.398
Strain X offspring diet 0.112 0.754 0.706 0.819 0.742

Values with uncommon superscripts within each column are significantly different (P < 0.05).

1
n = 5.

Laying hens during 25 to 42 wk of age were not fed the experimental diets. These diets were only fed in the breeder

and progeny pullet stage.

3Calculated by dividing week 42 values by wk 18 values and multiplied by 100. The data of 18 WOA values were

obtained from Akbari Moghaddam Kakhki. et al. (2020Db).

4CON: control; DMA: dried microalgae (Aurantiochytrium limacinum) fermentation product, as a source of do-
cosahexaenoic acid; FFF: coextruded full-fat flaxseed and pulse mixture (1:1 wt/wt), as a source of a-linolenic acid.

®The day-old female pullets from breeders fed CON, DMA and FFF were divided into 3 (CON, DMA, and FFF), 2
(CON and DMA) and 2 (CON and FFF) posthatch treatments, respectively. The order shows the breeder diet and

pullet diet (e.g., breeder diet-pullet diet, CON-CON).

physiologic and production aspects remain to be
answered. There was no change in structural parts in
response to breeder and pullet-phase feeding of n-3
FA, showing that the positive impact of n-3 FA on
structural bone did not last over 24 wk.

There are contradictory results in mammalian studies
regarding the effect of prenatal and early life feeding of n-
3 on bone development in later life. Korotkova et al.
(2004) tested the effect of feeding rats in their late preg-
nancy diets containing either 70 g of linseed oil (as a
source of n-3 FA), soybean oil (as a source of n-6 and
n-3 FA), or sunflower seed oil (as a source of n-6 FA)
on bone development in their offspring at 30 D. Their re-
sults showed that maternal feeding of a diet containing
soybean oil increased BW, femur length, cortical density,
thickness, and area (Korotkova et al., 2004). Although
the PUFA level in diets was not presented, the authors
concluded the lower total amount of PUFA in the diet
of linseed oil was responsible for the lower bone parame-
ters compared with the soybean oil group (Korotkova
et al., 2004). Korotkova et al. (2005) observed that
feeding essential FA—deficient diets to rats during late
gestation and throughout lactation increased BW,
cortical content, area, and thickness, while it decreased

the trabecular bone density of femur in 44-day-old
pups. However, the bone attributes were not normalized
based on the BW (Korotkova et al., 2005). These differ-
ences in the results might be related to various factors
including the type of FA (Kruger and Schollum, 2005),
FA dosage (Kruger and Schollum, 2005), duration of
intervention (Cohen and Ward, 2005), and the health
status of target population (Anez-Bustillos et al., 2018).

Occurrence of fractures in keel bone is highly depen-
dent on the housing system, strain, and management
styles (Casey-Trott et al., 2015). These differences could
be a reason why there was a lack of effect of n-3 FA on
the keel bone in the present study. It has been reported
that n-3 PUFA-supplemented diets can reduce Keel
bone fracture likely without a detrimental effect on pro-
duction depending on the quantities of n-3 FA as a high
level of n-3 FA may lead to health and production detri-
ments (Toscano et al., 2015). However, whether the pro-
tective effects of n-3 PUFA can translate to bone
metabolism remains unknown and must be further
explored (Toscano et al., 2015).

Feed intake, body growth and development, sexual
maturity, egg production efficiency, skeletal health
(Khanal et al., 2019), and eggshell quality (Ketelaere
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Table 9. Effects of feeding sources of docosahexaenoic and a-linolenic acids to ISA brown and Shaver white breeders
and their pullets on the change of tibia subpart attributes in the 42-wk-old laying hen relative to their 18-wk-old pullet

attributes %."

Epiphysis Medullary Cortical
Ttems Wt? Ash wt’ Ash ¢’ Ash wt Ash ¢ Wt Ash wt Ash ¢
Main effect
Strain
ISA brown 72.4 91.4 126.6 88.9 3,287.8 4,099.8 78.28% 89.0% 114.2*
Shaver white 70.7 85.7 121.3 104.7 3,051.3 3,204.5 70.47° 75.7° 107.3°
SEM 1.716 2.774 2.632 8.633 647.90 585.0 2.103 2.022 1.998
Breeder diet®
CON 72.1 86.3 120.1 101.1 2,782.3 2,855.2 74.46 80.7 109.1
DMA 70.3 88.4 125.9 101.0 3,849.2 4,300.9 72.86 82.0 112.9
FFF 72.0 92.0 127.6 86.89 2,877.0 3,800.2 75.81 84.2 110.2
SEM 1.82 3.783 2.842 10.421 841.65 773.90 2.781 2.627 2.632
Diet® B
CON-CON' 70.0 86.8 124.3 97.7 3,659.8 2,993.2 72.2 81.9 114.3
CON-DMA 71.0 82.9 116.8 94.3 2,095.1 2,699.1 774 82.4 106.7
CON-FFF 75.2 89.3 119.1 108.2 2,591.9 2,873.4 73.7 78.0 106.5
DMA-CON 68.5 88.9 130.4 95.9 5,853.3 6,676.2 68.2 78.9 115.5
DMA-DMA 72.2 88.0 121.5 106.2 1,845.0 1,925.7 77.5 85.1 110.3
FFF-CON 76.9 94.3 120.6 89.6 2,544.7 3,182.3 79.2 87.8 111.3
FFF-FFF 67.1 89.7 134.7 84.2 3,209.5 4,418.1 72.4 80.6 109.2
SEM 3.154 5.190 4.923 16.151 1,190.3 1,094.5 3.934 3.713 3.830
Probabilities (P-value)
Strain 0.560 0.192 0.170 0.168 0.725 0.261 0.011 <0.001 0.019
Breeder diets 0.822 0.496 0.201 0.605 0.587 0.331 0.762 0.598 0.534
Offspring diet 0.150 0.877 0.160 0.956 0.167 0.051 0.297 0.409 0.402
Strain X breeder 0.252 0.624 0.782 0.783 0.199 0.492 0.337 0.264 0.911
diet
Strain X offspring 0.725 0.424 0.184 0.989 0.538 0.824 0.637 0.494 0.944

diet

Values with uncommon superscripts within each column are significantly different (P < 0.05).

'nh = 5.

?Laying hens during 25 to 42 wk of age were not fed the experimental diets. These diets were only fed in the breeder and progeny

pullet stage.

*Dry weight. Calculated by dividing week 42 values by wk 18 values and multiplied by 100. The data of 18 WOA values were

obtained from Akbari Moghaddam Kakhki. et al. (2020Db).
fAsh weight.
°Ash concentration.

SCON: control; DMA: dried microalgae (Aurantiochytrium limacinum) fermentation product, as a source of docosahexaenoic acid;
FFF: coextruded full-fat flaxseed and pulse mixture (FFF, 1:1 wt/wt), as a source of o-linolenic acid.
"The day-old female pullets from breeders fed CON, DMA, and FFF were divided into 3 (CON, DMA, and FFF), 2 (CON and

DMA) and 2 (CON, FFF) posthatch treatments, respectively. The order shows the breeder diet and pullet diet (e.g., breeder diet-

pullet diet, CON-CON).

et al., 2002) differ between strains of the layer hen. In the
present study, the strains possessed different traits and
characteristics in egg production, eggshell quality, tibia,
and keel bone. ISA brown hens showed higher egg weight
and egg mass but lower eggshell quality. Tibia in Shaver
white hens was stronger than in ISA brown hens, while
ISA brown hens maintained higher ash content and
ash percentage in their keel one. Previously, our findings
showed that Shaver white pullets at 18 WOA had higher
tibia and femur ash concentration than ISA brown pul-
lets (Akbari Moghaddam Kakhki et al., 2020b). In addi-
tion, the difference in bone metabolism among strains
was demonstrated not only by the lack of effect of
feeding of n-3 FA on tibia characteristics in ISA brown
pullets vs. an effect in the Shaver white pullets but
also by the higher activity of osteoclast and lower activ-
ity of osteoblast in ISA brown than in Shaver white hens
(Akbari Moghaddam Kakhki et al., 2020b). However,
the rate of mineral mass loss among treatments and
strains was measured by calculating CI value based on

the difference between sampling at 42 WOA and 18
WOA. Lower CI values for tibia BS, ash content, ash
percentage, and cortical bones in Shaver white than in
ISA brown hens demonstrated the faster erosion rate
and depletion of mineral in the tibia of Shaver white
hens compared with ISA brown. This difference empha-
sizes the importance of considering the role of the genetic
effect on studying nutritional strategies to improve bone
quality in poultry.

In our study, the incidence of water system malfunc-
tion occurs only in Shaver white hens, which could be
associated with the difference among strains by effecting
BW. Body weight measurement before the incidence was
1436.8 g (Akbari Moghaddam Kakhki et al., 2020b). The
BW after the incidence was 1655.5 g, or 15.22% higher
than the BW at 18 WOA. The average BW in those
found dead was only 4.9% higher than the BW at 18
WOA. After the recovery period (23 WOA), the BW
was 1719.8 g, or 19.7% higher than the BW at 18
WOA values. At 24 WOA, the BW increase relative to
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18 WOA was calculated as 20.1%. Although the feed
intake was not measured, feed intake went back to
normal based on a visual assessment daily. In addition,
the production performance was reached to recommen-
ded wvalues presented in their breed guideline
Commercial Product Guide-Shaver White (2018).
Therefore, the effect of the water system malfunction
was negligible on measured parameters.

Feeding breeder and their female progeny during
pullet-phase sources of n-3 FA did not affect egg produc-
tion and eggshell quality in ISA brown and Shaver white
hens post-peak of egg production. Keel bone, tibia, its
epiphysis, and cortical attributes in ISA brown and
Shaver white hens post-peak of egg production were
not influenced by either breeder-feeding or offspring
feeding of n-3 FA source. However, the effect of the n-3
FA source on tibia medullary characteristics was depen-
dent on the phase of feeding and type of n-3 FA source.
Only breeder-feeding of DMA increased the tibia medul-
lary ash content and percentage while feeding both sour-
ces of n-3 during pullet-phase increased ash content and
percentage in tibia medullary of 42 WOA ISA brown and
Shaver white hens. These results showed that the posi-
tive effect of feeding n-3 FA on the development of tibia
cortical and epiphysis did not last for 24 wk after
removal of the n-3 sources. The strains showed differ-
ences in their production performance, eggshell quality,
tibia, and keel bone characteristics, highlighting the
importance of considering the strain effect in designing
and interpreting the results of nutritional and manage-
ment studies.

ACKNOWLEDGMENTS

The research was funded by Ontario Agri-Food Inno-
vation Alliance, Natural Sciences and Engineering
Research Council of Canada-CRD Program, Egg
Farmers of Canada, Egg Farmers of Ontario, Alltech
Canada, and O & T Farms. The assistance of Monogas-
tric laboratory (University of Guelph, ON, Canada)
members is appreciated. R. A. M. K. is a recipient of
the Ontario Trillium Doctoral, Mary Edmunds Wil-
liams, King Cole Ducks Ltd., and Craig Hunter Poultry
Science Graduate Scholarships. The donation of the
layer parent flocks by Hendrix Genetics is much
appreciated.

Conflict of Interest Statement: The authors declare
that the research was conducted in the absence of any
commercial or financial relationships that could be
construed as a potential conflict of interest. Co-authors
K. R. P. and J. M. are employees of Alltech Canada,
and O & T Farms, respectively.

REFERENCES

Akbari Moghaddam Kakhki, R., T. Heuthorst, A. Mills, M. Neijat,
and E. Kiarie. 2018a. Interactive effects of calcium and top-dressed
25-hydroxy vitamin D3 on egg production, egg shell quality, and
bones attributes in aged Lohmann LSL-lite layers. Poult. Sci.
98:1254-1262.

3969

Akbari Moghaddam Kakhki, R., T. Heuthorst, A. Wornath-Van-
humbeck, M. Neijjat, and E. Kiarie. 2018b. Medullary bone attri-
butes in aged Lohmann LSL-lite layers fed different levels of
calcium and top-dressed 25-hydroxy vitamin D3. Can. J. Anim.
Sci. 99:138-149.

Akbari Moghaddam Kakhki, R., D. W. L. Ma, K. R. Price, J. Moats,
N. A. Karrow, and E. G. Kiarie. 2020a. Enriching ISA brown and
Shaver white breeder diets with sources of n-3 polyunsaturated
fatty acids increased embryonic utilization of docosahexaenoic
acid. Poult. Sci. 99:1038-1051.

Akbari Moghaddam Kakhki, R., K. R. Price, J. Moats,
G. Bédécarrats, N. A. Karrow, and E. G. Kiarie. 2020b. Impact of
feeding Microalgae (Aurantiochytrium Limacinum) and Co-
Extruded Mixture of Full-Fat Flaxseed as sources of n-3 fatty
acids to ISA brown and Shaver white breeders and progeny on
pullet skeletal attributes at hatch through to 18 weeks of age.
Poult. Sci. 99:2087-2099.

Amini, K., and C. Ruiz-Feria. 2007. Evaluation of pearl millet and
flaxseed effects on egg production and n-3 fatty acid content. Br.
Poult. Sci. 48:661-668.

Anez-Bustillos, L., E. Cowan, M. B. Cubria, J. C. Villa-Camacho,
A. Mohamadi, D. T. Dao, A. Pan, G. L. Fell, M. A. Baker, and
P. Nandivada. 2018. Effects of dietary omega-3 fatty acids on
bones of healthy mice. Clin. Nutr. 38:2145-2154.

Ao, T., L. Macalintal, M. Paul, A. Pescatore, A. Cantor, M. Ford,
B. Timmons, and K. A. Dawson. 2015. Effects of supplementing
microalgae in laying hen diets on productive performance, fatty-
acid profile, and oxidative stability of eggs. J. Appl. Poult. Res.
24:394-400.

Boeyens, J., V. Deepak, W.-H. Chua, M. Kruger, A. Joubert,
and M. Coetzee. 2014. Effects of w3-and w6-polyunsaturated
fatty acids on RANKL-induced osteoclast differentiation of
RAW264. 7 cells: a comparative in vitro study. Nutrients
6:2584-2601.

Brenner, R. R. 1971. The desaturation step in the animal biosynthesis
of polyunsaturated fatty acids. Lipids 6:567-575.

Casey Trott, T., J. Heerkens, M. Petrik, P. Regmi, L. Schrader,
M. J. Toscano, and T. Widowski. 2015. Methods for assessment of
keel bone damage in poultry. Poult. Sci. 94:2339-2350.

CCAC. 2009. The care and use of farm animals in research, teaching
and testing. C. C. o. A. Care, O. Ottawa, Canada.

Cherian, G. 2011. Essential fatty acids and early life programming in
meat-type birds. World Poult. Sci. J. 67:599-614.

Cohen, S. L., and W. E. Ward. 2005. Flaxseed oil and bone develop-
ment in growing male and female mice. J. Toxicol. Environ. Health
A. 68:1861-1870.

Commercial Product Guide-ISA Brown. 2018. North American
Version Hendrix Genetic, Boxmeer, The Netherlands. Accessed
Sept. 2018. https://www.isa-poultry.com/documents/302/ISA
Brown cs product guide North America L8110-2-NA.pdf.

Commercial Product Guide-Shaver White. 2018. North American
Version, Hendrix Genetic, Boxmee, The Netherlands. Accessed
Sept. 2018. https://www.shaver-poultry.com/documents/304/
Shaver White c¢s product guide NA.pdf.

Elaroussi, M. A., L. R. Forte, S. L. Eber, and H. V. Biellier. 1994.
Calcium homeostasis in the laying hen. 1. Age and dietary calcium
effects. Poult. Sci. 73:1581-1589.

Kemps, B. J., T. Govaerts, B. De Ketelaere, K. Mertens, F. R. Bamelis,
M. M. Bain, E. M. Decuypere, and J. G. De Baerdemaeker. 2006.
The influence of line and laying period on the relationship between
different eggshell and membrane strength parameters. Poult. Sci.
85:1309-1317.

Ketelaere, B. D., T. Govaerts, P. Coucke, E. Dewil, J. Visscher,
E. Decuypere, and J. D. Baerdemaeker. 2002. Measuring the
eggshell strength of 6 different genetic strains of laying hens:
techniques and comparisons. Br. Poult. Sci. 43:238-244.

Khanal, T., T. Widowski, G. Bédécarrats, and E. Kiarie. 2019. Effects
of pre-lay dietary calcium (2.5 vs. 4.0%) and pullet strain (Loh-
mann Brown vs. Selected Leghorn LSL-Lite) on calcium utilization
and femur quality at 1st through to the 50th egg. Poult. Sci.
98:4919-4928. (

Korotkova, M., C. Ohlsson, B. Gabrielsson, L. A. Hanson, and
B. Strandvik. 2005. Perinatal essential fatty acid deficiency in-
fluences body weight and bone parameters in adult male rats. BBA.
Mol. Cell. Biol. L. 1686:248-254.


http://refhub.elsevier.com/S0032-5791(20)30240-6/sref1
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref1
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref1
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref1
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref1
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref2
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref2
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref2
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref2
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref2
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref3
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref3
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref3
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref3
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref3
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref4
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref5
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref5
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref5
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref6
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref6
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref6
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref6
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref7
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref7
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref7
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref7
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref7
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref8
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref8
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref8
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref8
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref8
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref9
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref9
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref10
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref10
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref10
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref11
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref11
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref12
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref12
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref13
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref13
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref13
https://www.isa-poultry.com/documents/302/ISA_Brown_cs_product_guide_North_America_L8110-2-NA.pdf
https://www.isa-poultry.com/documents/302/ISA_Brown_cs_product_guide_North_America_L8110-2-NA.pdf
https://www.shaver-poultry.com/documents/304/Shaver_White_cs_product_guide_NA.pdf
https://www.shaver-poultry.com/documents/304/Shaver_White_cs_product_guide_NA.pdf
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref14
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref14
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref14
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref15
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref15
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref15
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref15
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref15
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref16
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref16
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref16
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref16
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref17
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref17
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref17
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref17
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref17
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref17
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref17
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref18
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref18
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref18
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref18
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref18

3970

Korotkova, M., C. Ohlsson, L. Hanson, and B. Strandvik. 2004. Di-
etary n-6: n-3 fatty acid ratio in the perinatal period affects bone
parameters in adult female rats. Br. J. Nutr. 92:643-648.

Kruger, M. C., and L. M. Schollum. 2005. Is docosahexaenoic acid
more effective than eicosapentaenoic acid for increasing calcium
bioavailability? Prostaglandins Leukot. Essent. Fatty Acids
73:327-334.

Kuroda, T., H. Ohta, Y. Onoe, N. Tsugawa, and M. Shiraki. 2017.
Intake of omega-3 fatty acids contributes to bone mineral density
at the hip in a younger Japanese female population. Osteoporos.
Int. 28:2887-2891.

Lichovnikova, M. 2007. The effect of dietary calcium source, concen-
tration and particle size on calcium retention, eggshell quality and
overall calcium requirement in laying hens. Br. Poult. Sci. 48:71-75.

Mazzuco, H., J. McMurtry, A. Kuo, and P. Hester. 2005. The effect of
pre-and postmolt diets high in n-3 fatty acids and molt programs
on skeletal integrity and insulin-like growth factor-I of White
Leghorns. Poult. Sci. 84:1735-1749.

Moon, H.-J.; T.-H. Kim, D.-W. Byun, and Y. Park. 2012. Positive
correlation between erythrocyte levels of n-3 polyunsaturated
fatty acids and bone mass in postmenopausal Korean women with
osteoporosis. Ann. Nutr. Metab. 60:146-153.

Mwaniki, Z., M. Neijat, and E. Kiarie. 2018. Egg production and
quality responses of adding up to 7.5% defatted black soldier fly
larvae meal in a corn-soybean meal diet fed to Shaver White
Leghorns from wk 19 to 27 of age. Poult. Sci. 97:2829-2835.

AKBARI MOGHADDAM KAKHKI ET AL.

Nain, S., R. Renema, D. Korver, and M. Zuidhof. 2012. Character-
ization of the n-3 polyunsaturated fatty acid enrichment in laying
hens fed an extruded flax enrichment source. Poult. Sci. 91:1720-
1732.

National Farm Animal Care Council. 2017. Code of Practice for the
care and Handling of pullets and laying hens. Accessed Sept. 2018.
https:/ /www.nfacc.ca/poultry-layers-code-of-practice.

Noble, R., and M. Cocchi. 1990. Lipid metabolism and the neonatal
chicken. Prog. Lipid. Res. 29:107-140.

Toscano, M. J., F. Booth, L. Wilkins, N. Avery, S. Brown,
G. Richards, and J. Tarlton. 2015. The effects of long (C20/22) and
short (C18) chain omega-3 fatty acids on keel bone fractures, bone
biomechanics, behavior, and egg production in free-range laying
hens. Poult. Sci. 94:823-835.

Uni, Z., P. Ferket, E. Tako, and O. Kedar. 2005. In ovo feeding im-
proves energy status of late-term chicken embryos. Poult. Sci.
84:764-770.

Whitehead, C. 2004. Overview of bone biology in the egg-laying hen.
Poult. Sci. 83:193-199.

Whitehead, C., and R. Fleming. 2000. Osteoporosis in cage layers.
Poult. Sci. 79:1033-1041.

Wu, Y., L. Li, Z. Wen, H. Yan, P. Yang, J. Tang, M. Xie, and
S. Hou. 2018. Dual functions of eicosapentaenoic acid-rich micro-
algae: enrichment of yolk with n-3 polyunsaturated fatty acids and
partial replacement for soybean meal in diet of laying hens. Poult.
Sci. 98:350-357.


http://refhub.elsevier.com/S0032-5791(20)30240-6/sref19
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref19
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref19
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref20
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref20
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref20
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref20
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref21
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref21
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref21
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref21
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref23
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref23
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref23
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref24
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref24
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref24
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref24
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref25
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref25
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref25
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref25
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref26
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref26
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref26
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref26
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref27
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref27
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref27
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref27
https://www.nfacc.ca/poultry-layers-code-of-practice
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref29
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref29
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref30
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref30
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref30
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref30
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref30
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref31
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref31
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref31
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref32
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref32
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref33
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref33
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref34
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref34
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref34
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref34
http://refhub.elsevier.com/S0032-5791(20)30240-6/sref34

	n-3 fatty acids fed to ISA brown and Shaver white breeders and their female progeny during rearing: Impact on egg productio ...
	Introduction
	Materials and methods
	Birds and Management
	Sampling
	Sample Analyses
	Calculations and Statistical Analyses

	Results
	Egg Production and Eggshell Quality
	Tibia and Keel Bones Attributes
	Evolution of Tibia Attributes From 18 to 42 WOA

	Discussion
	Acknowledgments
	References


