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ABSTRACT Crude protein and amino acid (AA)
content in rearing diets affect body composition and
reproductive performance. This study evaluated the
effects of 4 dietary AA levels during rearing on BW, egg
production and composition, fertility, hatchability, and
embryo mortality up to 65 wk of age on Cobb 500 slow-
feathering (SF) broiler breeders. The treatments con-
sisted in 80% (low-AA), 90% (moderate-AA), 100%
(standard-AA), and 110% (high-AA) of the AA recom-
mendations for Cobb 500 SF pullets from 5 to 24 wk.
AA was guided by an ideal protein profile based on
digestible Lys. A total of 1,360 pullets and 288 Cobb
MV cockerels were randomly placed in 16 pullets and 16
cockerel floor-pens. At 22 wk, 1,040 females and 112
males were transferred into 16-floor pens in a laying
house. BW increased linearly (P < 0.01) as AA aug-
mented at 25, 36, and 40 wk. No effects (P > 0.05) at the
onset of lay were observed. Moderate-AA and standard-
AA resulted in the best hen-housed egg production
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(HHEP) at 65 wk with 174.3 and 176.5 eggs, respec-
tively. The optimum level of AA for HHEP at 65 wk was
estimated (P < 0.001) in 96.7% and 94.7% by the qua-
dratic and broken line models, respectively. Overall, the
lightest egg weight (P = 0.022) was obtained with
89%AA during rearing, and the heaviest eggs (P <
0.001) were found at 54 wk. Response surface regression
indicated linear effects on albumen and yolk percentages
(P < 0.01) increasing and decreasing, respectively, as
AA levels augmented; consequently, AA had a negative
linear effect on Y:A ratio (P = 0.004) with quadratic
effects (P < 0.01) of age (R2 = 0.92). No statistical effect
of treatments was observed in fertility (P > 0.05), but
AA had a quadratic effect (P = 0.046) on hatchability
up to 50 wk of age with 97% as optimum, and decreased
linearly (P = 0.004) from 51 to 65 wk. A few effects of
treatments (P < 0.05) on embryo mortality were
observed. In conclusion, AA levels during rearing affect
broiler breeder reproductive performance.
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INTRODUCTION

Amino acids (AA) and crude protein (CP) intake
during the rearing phase in broiler breeders have demon-
strated to affect body composition and reproductive per-
formance in the laying period (Joseph et al., 2000;
Ciacciariello and Tyler, 2013; van Emous et al., 2013,
2015a, 2015b). Modifications of these nutrients added
up to the adjustment of feed allocation may alter BW
(van Emous et al., 2013; Soumeh et al., 2018), organ
development (Lesuisse et al., 2017), egg production
(Hocking et al., 2002), egg traits, hatchability, and fertil-
ity (Walsh and Brake, 1999; Shafey, 2002) from the
onset of production onward. Levels of 16 and 18% CP in
the developer phase did not influence BW but increased
egg size and production rate (Joseph et al., 2000). Some
reports have suggested that grower and prebreeder diets
with CP levels lower than 13% may increase abdominal
fat deposition, reduce breast weight, and enhance incu-
bation from 22 to 45 wk of age (van Emous et al., 2013,
2015b). Soumeh et al. (2018) described a linear increase
in breast weight when CP levels during rearing ranged
from -20% to +5% of the standard Ross 308 (Avia-
gen, 2016). However, the abdominal fat deposition
decreased linearly with dietary CP concentration with-
out affecting egg production per hen housed (HHEP)
nor fertility percentage (Soumeh et al., 2018). In con-
trast, Lesuisse et al. (2017) reported that reducing CP
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concentrations by 25% (starter 14.30, grower 11.76, and
prebreeder 12.65% CP) during the rearing phase
decreased egg production, fertility, and the egg traits up
to 39 wk of age.

Despite existing nutritional recommendations for
broiler breeders (Aviagen, 2016; Rostagno et al., 2017;
Cobb-Vantress, 2018, 2020), very few published studies
have described the effects of AA levels close to these rec-
ommendations for pullets and their impact after the
onset of egg production to estimate optimums. One of
the key factors during rearing to obtain the best repro-
ductive performance is the target BW at photostimula-
tion age (Decuypere et al., 2010; van der Klein et al.,
2018a, b; Salas et al., 2019), which is associated with an
adequate ovarian function (Hocking, 1993, 1996; Hock-
ing et al., 2002). An excess of Lys intake may produce
greater muscle depositions leading to an increment of
BW and, consequently, a low reproductive performance
(Lopez and Leeson, 1995; Mejia et al., 2012b). Moreover,
Da Silva et al. (2015) observed that egg production
decreased linearly between 24 and 40 wk of age when
Met+Cys in rearing diets changed from 0.688 to 0.988%,
estimating a minimum requirement of 0.688% of these
AA for Cobb 500 pullets. The same study demonstrated
that pullets fed diets with 0.92% of Met+Cys resulted in
lower hatchability at 40 wk.

Several studies have evaluated the effect of CP and
AA levels for broiler breeders during the laying phase
(Lopez and Lesson, 1995; Enting et al., 2007;
Mejia et al., 2012a, b; Ekmay et al., 2013; Butler, 2019;
Cerrate et al., 2019). However, estimations of optimum
requirements for these nutrients during the rearing
period and their impact in the laying phase are scarce.
Hence, the objective of this study was to evaluate the
effects of 4 AA levels during rearing on egg quality and
production, fertility, hatchability, and embryo mortality
from 24 to 65 wk of age on Cobb 500 slow-feathering
(SF) hens. To estimate the best AA levels during rear-
ing, diets fluctuating from 20% below to 10% above the
Cobb 500 recommendations (Cobb-Vantress, 2018)
were evaluated in the grower and developer phases. We
hypothesized that AA levels would affect BW and repro-
ductive performance.
MATERIALS AND METHODS

The experiment was conducted with the approval of
animal use by the Animal Care and Use Committee and
in compliance with the Guidelines for Care and Use of
Laboratory Animals at North Carolina State University.
Specific details of treatments, husbandry, and data col-
lection during the rearing phase were presented by
Alfaro-Wisaquillo et al. (2021).
Experimental Treatments

TaggedPAll females were fed one common starter diet (Table 1)
in crumbles from placement to 28 d of age to obtain pul-
lets of similar BW before starting the experimental
period. After 4 wk, 4 AA levels were evaluated during
the grower and developer phases. These levels were 80%
(low-AA), 90% (moderate-AA), 100% (standard-AA),
and 110% (high-AA) of the recommendations for Cobb
500 SF pullets (Cobb-Vantress, 2018). Amino acids were
guided by an ideal protein profile based on digestible
(dig) Lys, according to the Cobb-Vantress (2018) par-
ent stock guidelines. Grower and developer diets were
formulated to meet or slightly exceed AA recommenda-
tions according to the desired level and under practical
feed formulation (Table 1). Pullets were fed with grower
diets until 105 d of age with 0.48, 0.54, 0.60, and 0.66%
of dig Lys and developer diets from 106 d up to onset of
egg production that occurred at 24 wk of age with 0.51,
0.57, 0.63, and 0.69% dig Lys. All diets were offered in
the coarse mash with approximately 1,000 mm for the
grower and 1,300 mm geometric mean particle size for
developer diets. Diets contained 2,700 kcal/kg of AMEn
and 2,800 kcal/kg of AMEn for the grower and devel-
oper phases, respectively. Corn, soybean meal, and
wheat midds were analyzed prior to feed formulation of
experimental diets by near-infrared spectroscopy (NIRS,
DS2500, FOSS, Hillerod, Denmark). For nutrient con-
tent, all diets were analyzed according to the
AOAC (2006) methods reported in Alfaro-Wisaquillo
et al. (2021). The composition of CP and AA were closed
to formulated values (Table 1).
Husbandry of Broiler Breeders

Pullets A total of 1,360 Cobb-500 slow-feathering
broiler breeder pullets and 288 Cobb MV male chicks
were obtained from a commercial hatchery (North Caro-
lina Cobb Hatchery, Wadesboro, NC). In a solid-sided
rearing house with negative pressure ventilation, these
birds were randomly distributed in 16 pullet floor pens
(85 pullets/pen) within 4 treatments with 4 replicates
each and a density of 4.6 pullets/m2. Cockerels were
placed in 16-floor pens (18 cockerels/pen) with a density
of 3.4 cockerels/m2. No treatments were assigned to
males.
Feeding Program The feeding program from 1 to 2 wk
was ad libitum, and after 3 wk, it was restricted. A 6/1
(skip-a-day) program (fed Monday through Saturday
only) was established from 4 to 5 wk. Finally, from 6 wk
onward until the end of the trial, a 5/2 (skip-two-days)
program was fixed (fed on Monday, Tuesday, Thursday,
Friday, and Saturday). On the developer phase, feed
amounts varied slightly (§3 g/bird/day) among treat-
ments to maintain BW target close (§2%) regarding
Cobb-Vantress (2018) guidelines (Alfaro-Wisaquillo
et al., 2021). After 25 wk, all hens were fed with one
standard layer diet in 2 phases, layer 1, from the first
egg to 40 wk, and layer 2, from 41 to 65 wk with a similar
amount of feed offered (Figure 1). Feed increments were
made according to egg production by treatment, and
feed offered was decreased after the peak of egg produc-
tion between 0.5 and 1g (Figure 1). In the whole experi-
ment, all males were not subjected to treatments.



Table 1. Ingredient, calculated and analyzed nutrient composition of the experimental diets.1,2

Grower (4−15 wk) Developer (15−21 wk)

Ingredient, % Starter (1−4 wk) Low -AA Moderate-AA Standard -AA High -AA Low -AA Moderate -AA Standard -AA High -AA

Corn 56.01 54.87 54.11 53.70 53.20 58.10 57.29 58.98 56.15
Wheat midds 15.00 32.50 31.06 30.49 29.96 26.09 24.59 22.00 23.09
Soybean meal, 46% 24.36 8.11 10.33 11.23 12.12 9.85 12.17 13.48 14.60
Poultry fat 1.00 1.10 1.10 1.10 1.10 1.85 1.85 1.32 1.85
Limestone fine 1.26 1.53 1.51 1.51 1.50 2.10 2.09 2.07 2.08
Dicalcium phosphate 1.03 0.73 0.74 0.74 0.74 0.84 0.85 0.88 0.85
Salt (NaCl) 0.30 0.28 0.28 0.27 0.25 0.25 0.25 0.24 0.23
Sodium bicarbonate 0.29 0.22 0.21 0.23 0.26 0.25 0.25 0.26 0.27
Mineral-vitamin premix3 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35
Choline chloride, 60% 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18 0.18
DL-Methionine, 99% 0.14 0.09 0.09 0.09 0.14 0.10 0.11 0.13 0.17
L-Lysine-HCl, 78.8% 0.02 0.001 0.001 0.05 0.10 − 0.01 0.05 0.09
L-Threonine, 98% 0.06 0.03 0.01 0.04 0.08 0.02 0.01 0.05 0.07
Total 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00 100.00
Calculated composition
ME, kcal/kg 2,800.00 2,700.00 2,700.00 2,700.00 2,700.00 2,800.00 2,800.00 2,800.00 2,800.00
CP, % 18.50 12.87 13.63 14.00 14.40 12.93 13.73 14.15 14.72
NPP, % 0.34 0.31 0.31 0.31 0.31 0.31 0.31 0.31 0.31
Calcium, % 0.90 0.90 0.90 0.90 0.90 1.15 1.15 1.15 1.15
Total P, % 0.65 0.65 0.65 0.65 0.65 0.62 0.62 0.62 0.62
Sodium, % 0.21 0.19 0.19 0.19 0.19 0.18 0.18 0.18 0.18
Potassium, % 0.82 0.63 0.66 0.67 0.69 0.63 0.66 0.67 0.69
Chloride, % 0.25 0.24 0.24 0.24 0.24 0.22 0.22 0.22 0.22
Total Lys, % 1.02 0.57 0.63 0.69 0.75 0.59 0.66 0.72 0.78
Total TSAA, % 0.77 0.55 0.58 0.60 0.64 0.57 0.59 0.62 0.67
Total Thr, % 0.74 0.48 0.50 0.53 0.58 0.48 0.50 0.55 0.60
Total Val, % 0.92 0.63 0.67 0.67 0.67 0.64 0.68 0.69 0.72
Total Arg, % 1.21 0.83 0.89 0.86 0.86 0.84 0.90 0.93 0.97
dig Lys, % 0.90 0.49 0.54 0.60 0.66 0.51 0.57 0.63 0.69
dig TSAA, % 0.69 0.48 0.51 0.52 0.56 0.50 0.52 0.56 0.60
dig Thr, % 0.64 0.40 0.41 0.45 0.50 0.40 0.42 0.47 0.51
dig Val, % 0.84 0.57 0.62 0.63 0.65 0.60 0.62 0.64 0.68
dig Arg, % 1.15 0.79 0.86 0.87 0.91 0.86 0.87 0.89 0.97
Analyzed nutrient4

CP, % 18.46 12.80 13.57 13.75 14.60 13.24 13.36 14.13 15.03
Calcium, % 0.90 0.90 0.90 0.90 0.90 1.15 1.15 1.15 1.15
Total P, % 0.65 0.65 0.65 0.65 0.65 0.62 0.62 0.62 0.62
Total Lys, % 0.97 0.54 0.62 0.65 0.72 0.61 0.65 0.72 0.81
Total Met, % 0.44 0.27 0.31 0.30 0.33 0.31 0.32 0.37 0.40
Total Cys, % 0.33 0.24 0.25 0.25 0.26 0.24 0.24 0.25 0.26
Total TSAA, % 0.77 0.52 0.56 0.55 0.59 0.55 0.56 0.62 0.66
Total Thr, % 0.71 0.48 0.50 0.53 0.57 0.49 0.50 0.55 0.62
Total Val, % 0.84 0.57 0.62 0.63 0.65 0.60 0.62 0.64 0.68
Total Arg, % 1.15 0.79 0.86 0.87 0.91 0.86 0.87 0.89 0.97

1Low-AA, moderate-AA, standard-AA, and high-AA diets corresponding to 80, 90, 100, and 110% of the Cobb-Vantress (2018) recommendations,
guided by dig Lys using balanced protein.

2All diets contained Quantum Blue 5G, 80 g/ton to supply 1,000 FYT (AB Vista), delivering 0.11% of available P, and 0.10% of calcium.
3The trace mineral and vitamin premix contained per kilogram of diet: Selenium premix, 500 mg; manganese (MnSO4), 60 g; zinc (ZnSO4), 60 g; iron

(FeSO4), 40 g; copper (CuSO4), 5 g; iodine (Ca[IO3]2),1.25 g; vitamin A, 13,227,513 IU; vitamin D3, 3,968,253 IU; vitamin E, 66,137 IU; vitamin B12, 39.6
mg; riboflavin, 13,227 mg; niacin, 110,229 mg; d-pantothenic acid, 22,045 mg; menadione, 3,968 mg; folic acid, 2,204 mg; vitamin B6, 7,936 mg; thiamine,
3,968 mg; biotin, 253.5 mg.

4Values represent the mean of 3 samples.
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Cockerels were fed the standard treatment grower and
developer diets during rearing and male diets during the
laying phase (Table 2), following Cobb-Vantress (2018)
recommendations.
Lighting and Vaccination Program The day length
was 14 h at 22 wk, 14.5 h by 5% of lay approximately at
25 wk, and 15 h by 50% of production at 28 wk. Light
hours were provided from 5:30 am to 8:30 pm each day
in the laying phase. Vaccinations were applied only in
the rearing phase for pullets and cockerels and were
reported on Alfaro-Wisaquillo et al. (2021).
Laying Phase At 20 and 21 wk of age, all birds were
individually weighed to select pullets and cockerels to be
transferred to the laying house. Only pullets and
cockerels representing the average BW per pen plus or
minus 3 standard deviations were used. Pullets were fed
with the same dietary treatment after the transfer, and
cockerels were randomized to be assigned on each pen.
Consequently, 1,040 females and 112 males were placed
into 16-floor pens with slats (17.35 m2 total area/pen) in
a curtain-sided breeder house with a distribution of 65
hens and 7 roosters per pen to keep a female:male ratio
of 9.28:1. During laying, each breeder pen was equipped
with 4 tube female feeders, one tube male feeder, and
special grills were installed around them to guarantee
separate sex feeding. Access to water was limited to 8 h
per day using 2 automatic bell-type drinkers per pen to
avoid overdrinking and negative effects on droppings



Figure 1. Feed intake (g/bird/d) from 24 to 65 wk of age for Cobb 500 SF broiler breeders fed 4 different dietary amino acid levels during rear-
ing low-AA, moderate-AA, standard-AA, high-AA corresponding to 80, 90, 100, and 110% of the Cobb-Vantress (2018) recommendations, guided
by dig Lys using balanced protein. n = 4 pens per treatment of 65 hens each.
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and litter moisture. Male and female mortality was veri-
fied, weighed, and recorded twice a day.
Data Collection

Results of feed and nutrient intake, growth, fleshing,
and bone development during the rearing phase were
presented in Alfaro-Wisaquillo et al. (2021) and only
will be used for discussion.
BodyWeight, Flock Uniformity, and Body Composi-
tion At 25 wk of age, 3 breeders per pen, 12 breeders per
treatment were randomly selected and sacrificed by cer-
vical dislocation after fasting of 36 h to obtain breast
score and weight of the breast, fat deposits, liver, and
ovary. The relative weight (RW) for each section was
calculated and was expressed as a percentage of live
empty BW after 24 h feed withdrawal. Additionally, the
whole intestine, ceca, and oviductal parts were mea-
sured, and relative length (RL) was calculated. Further-
more, individual BW of all broiler breeders was collected
before feeding time and recorded to calculate BW gain
and uniformity (CV% of individual BW/pen) at 25, 32,
36, 40, 46, 50, 56, 60, and 65 wk of age. Feed intake (FI)
(g/bird/d) was calculated to keep target BW, and egg
production from 24 to 65 wk.
Reproductive Performance Egg production, fertility,
and hatchability were determined up to 65 wk. Eggs
were collected 3 times daily and stored in an egg cooler
at 18°C and 50% relative humidity for 4 to 6 d before
incubation. Although, the eggs laid outside the nests
were collected separately, recorded, and no incubated.
The percentage of egg production (EP) and total
HHEP were calculated weekly. For incubation parame-
ters, a total of 15 incubations with 2,880 eggs each
(180 eggs/breeder pen) were carried out every 2 or 3 wk.
Eggs were set on trays identified with pen number and
placed into a single-stage Jamesway J-12 incubator
(Butler Manufacturing Co., Ft. Atkinson, WI). Stan-
dard conditions of incubation (37.78 °C eggshell
temperature) were established not to exceed 38.3°C
(100.9°F) of eggshell temperature at the last incubation
period with approximately 50% relative humidity and
turning angle each hour. At 18 d of incubation, eggs
were transferred to hatching baskets preserving the tray
number from the incubator, and were placed into a
Jamesway J-12 hatcher. At hatch, unhatched eggs were
broken out to evaluate the cause of embryo mortality
through standard embryo diagnosis techniques. The
embryo stages were classified and recorded as follows:
infertile, early dead 24 h and 48 h, blood ring, black eye,
presence of feathers, malposition, internal and external
pipping, eggs contaminated, and cracked shells. Later
these categories were grouped in early (1−7 d), middle
(8−17 d), and late (18−21 d) embryo mortality. Fertility
was calculated as 100, minus the percentage of eggs clas-
sified as infertile in the embryo diagnosis. Hatchability
was calculated as the number of chickens hatched
divided into hatching eggs set times 100.
Egg Composition and Quality At 30, 36, 42, 48, 53,
58, and 63 wk of age, egg weight, egg uniformity (CV%),
and quality parameters were determined on 30 eggs per
each breeder pen. In each evaluation, the eggs were col-
lected in 1 d, specifically in the morning. Dirty, cracked,
or double-yolked eggs were rejected for these analyses.
The albumen height and Haugh units (HU) were mea-
sured using an electronic tripod micrometer and
recorded with the TSS QCD system (Technical Services
and Supplies, Dunnington, York, UK). Albumen was
rinsed from the shell with water, and the shell with mem-
brane intact was air-dried. Afterward, the weight of wet
albumen was calculated by subtracting the yolk weight
and the air-dried shell weight from the total egg weight.
Egg components (shell, yolk, and albumen) were
expressed as a percentage of initial egg weight, and the
ratio for yolk:albumen ratio (Y:A) was calculated. Shell
strength (N), and elasticity (mm) were evaluated using
the TA-XT Plus Texture Analyzer (Model TA-XTplus,
Texture Technologies, Scarsdale, NY 2016). Shell thick-
ness (mm) was measured at the equator with an



Table 2. Ingredient, calculated, and analyzed nutrient composition1,2 of layer diets for Cobb 500 SF hens and
Cobb MV males.

Layer feeds

Ingredient 1 2 Male

––––––––––––––––––––––––––––– (%)–––––––––––––––––––––––––––––
Corn 60.42 63.17 42.12
Soybean meal, 46% 18.53 16.92 3.31
Wheat midds 10.43 9.28 49.31
Poultry fat 1.80 1.40 2.75
Limestone fine 6.56 7.16 1.12
Dicalcium phosphate, 18.5% 1.04 0.86 0.30
Sodium bicarbonate 0.21 0.23 0.30
Salt (NaCl) 0.28 0.26 0.26
Mineral-vitamin premix3 0.35 0.35 0.30
Choline chloride, 60% 0.18 0.18 0.13
DL- Methionine, 99% 0.14 0.13 0.05
L-Lysine-HCl, 78.8% − 0.002 0.050
L-Threonine, 98% 0.04 0.04 −
Calculated composition
ME, kcal/kg 2,800.00 2,800.00 2,700.00
CP, % 14.78 14.04 12.70
NPP, % 0.31 0.27 0.28
Calcium, % 2.94 3.14 0.66
Sodium, % 0.18 0.18 0.21
Potassium, % 0.69 0.66 0.61
Chloride, % 0.23 0.22 0.23
Total P, % 0.59 0.54 0.74
Total Lys, % 0.76 0.71 0.56
Total TSAA, % 0.64 0.61 0.49
Total Thr, % 0.58 0.56 0.43
Total Val, % 0.73 0.70 0.59
Total Arg, % 0.99 0.93 0.81
dig Lys, % 0.67 0.63 0.46
dig TSAA, % 0.58 0.55 0.42
dig Thr, % 0.50 0.48 0.34
dig Val, % 0.65 0.62 0.48
dig Arg, % 0.91 0.85 0.69
Analyzed nutrient4

CP, % 14.91 14.44 13.22
Calcium, % 2.93 3.12 0.66
Total P, % 0.60 0.54 0.73
Total Lys, % 0.73 0.70 0.60
Total Met, % 0.36 0.61 0.31
Total Cys, % 0.26 0.26 0.25
Total TSAA, % 0.62 0.61 0.56
Total Thr, % 0.59 0.58 0.54
Total Val, % 0.69 0.68 0.61
Total Arg, % 0.97 0.93 0.83

1Low-AA, moderate-AA, standard-AA, and high-AA diets corresponding to 80, 90, 100, and 110% of the Cobb-Van-
tress (2018) recommendations, guided by dig Lys using balanced protein.

2All diets contained Quantum Blue 5G, 80 g/ton to supply 1,000 FYT (AB Vista), delivering 0.11% of available P, and
0.10% of calcium.

3The trace mineral and vitamin premix contained per kilogram of diet: Selenium premix, 500 mg; manganese (Mn SO4), 60
g; zinc (ZnSO4), 60 g; iron (FeSO4), 40 g; copper (CuSO4), 5 g; iodine (Ca[IO3]2),1.25 g; vitamin A, 13,227,513 IU; vitamin
D3, 3,968,253 IU; vitamin E, 66,137 IU; vitamin B12, 39.6 mg; riboflavin, 13,227 mg; niacin, 110,229 mg; d-pantothenic acid,
22,045 mg; menadione, 3,968 mg; folic acid, 2,204 mg; vitamin B6, 7,936 mg; thiamine, 3,968 mg; biotin, 253.5 mg.

4Analyzed values are means of 4 samples in “as is” basis.
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electronic caliper (iGAGING Absolute Origin SpeedMic
Micrometer, San Clemente, CA).
Statistical Analysis

All data were analyzed with statistical software
JMP PRO 14 (SAS Institute, Cary, NC) in a
completely randomized design with 4 levels of AA.
Each treatment had 4 replicate pens with 65 hens
and 7 cockerels each. One-way ANOVA was used to
detect the effects of levels of AA and Tukey’s HSD
test for mean comparisons. Quadratic and broken line
(Robbins et al., 2006) regression analyses were used
to estimate the optimum level of AA. Response sur-
face analysis was used to identify the effects of AA
levels during rearing as breeders aged on egg weight
and composition, fertility, hatchability, and embryo
mortality. Pairwise correlations were conducted to
determine important factors among breast score, BW,
the relative weight of breast, fat, liver, ovary, and rel-
ative length of the whole intestine, ceca, and oviduc-
tal parts. Percentage data for hens and embryo
mortality were transformed using the arcsine square-
root percentage for analysis. Statistical significance
was established to be P < 0.05.



Figure 2. Body weight curve from 25 to 65 wk of age for Cobb 500 SF broiler breeders fed 4 different dietary amino acid levels during rearing
low-AA, moderate-AA, standard-AA, high-AA corresponding to 80, 90, 100, and 110% of the Cobb-Vantress (2018) recommendations, guided by
dig Lys using balanced protein. n = 4 pens per treatment of 65 hens each weighed individually.

*Significant differences of treatments per week.
a-bDietary treatments not sharing a lowercased letter in columns differ significantly by Tukey’s HSD test at (P < 0.05).
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RESULTS

Growth and Body Composition

Results related to BW and body composition up to 22
wk of age were evaluated during growing and presented
by Alfaro-Wisaquillo et al. (2021). Significant effects
(P < 0.05) of AA levels were detected on BW at 25, 36,
and 40 wk of age (Figure 2). At 25 wk, heavier breeders
were observed when pullets were fed diets containing
either 100 or 110% AA during rearing compared to
breeders fed diets with 80 or 90% of AA content. At 36
wk, the mean difference indicated that breeders fed diets
during grower and developer phases, with 80% AA were
lighter compared to breeders from the treatment with
the highest AA level. Rearing diets with high AA con-
centration resulted in heavier hens at 40 wk, than those
fed diets with low and moderate AA levels. Additionally,
BW increased linearly as AA levels augmented in rearing
diets at 25 wk (BW, g = 2,863.174 + 3.713 * AA%; P <
0.001; R2 = 0.56), 36 wk (BW, g = 3,818.564 + 2.569 *
AA%; P = 0.008; R2 = 0.40), and 40 wk of age (BW,
g = 3,922.844 + 2.665 * AA%; P = 0.005; R2 = 0.43).
No significant differences in BW, nor linear or quadratic
effects of AA levels were detected (P > 0.05) at 32 wk
and from 46 wk to the end of the experiment. Flock uni-
formity (CV%) was not affected (P > 0.05) by dietary
treatments along with the laying phase.

At 25 wk, breeders fed diets with less AA content
(low-AA and moderate-AA) had 0.4 g more abdominal
fat (P = 0.034) than those fed standard-AA and high-
AA diets (1.25 vs. 0.86% of BW). Moreover, there were
(P < 0.001) negative correlations (r = -0.63) between
BW and RL of small intestine and between BW and RL
ceca (r = -0.42). No other significant correlations were
found (P > 0.05) on the relative weight of the breast, fat
deposits, liver, and ovary, nor the relative length of ovi-
ductal parts. During the laying phase, total hen mortal-
ity was 12.02% for low-AA, 9.98% for moderate-AA,
13.31% for standard-AA, and 9.61% for high-AA level,
and was not affected (P > 0.05) by dietary treatments
during rearing. However, higher mortality (P < 0.05)
was observed between 55 and 60 wk on hens fed stan-
dard-AA diets (1.70%) compared to breeders in the low-
AA (0%) and moderate-AA (0.42%) treatments; high-
AA levels resulted in an intermediate response (1.65%).
Reproductive Performance

Egg Production Breeders came into production at 165
d of age, and 5% of production was reached at 167 d of
age. AA levels evaluated did not affect (P > 0.05) the
onset of EP. The EP (Figure 3) and HHEP were calcu-
lated from the first egg to 65 wk of age. Breeders fed
diets during rearing with moderate-AA or high-AA
reached the peak production at 30 wk with 85.92 and
86.72%, respectively, while the highest weekly EP for
hens fed with low-AA was observed at 31 wk with
81.37%. Diets with standard-AA resulted in the last
treatment to reach the maximum EP at 32 wk with
85.61%. Significant differences (P < 0.05) due to treat-
ments were observed on EP at 25, 26, 30, 39, and from
46 to 65 wk of age, except at 53 and 63 wk (Figure 3).
Overall, the standard-AA diet was the treatment show-
ing the best weekly EP consistently during the whole
experiment. The EP increased linearly as AA levels aug-
mented in the rearing diets at 25 (EP,
% = -8.216 + 0.314 * AA%; P = 0.003; R2 = 0.50), 26
(EP, % = 16.425 + 0.376 * AA%; P = 0.015; R2 = 0.38),



Figure 3. Hen-weekly egg production (%) from 24 to 65 wk of age for Cobb 500 SF broiler breeders fed 4 different dietary amino acid levels dur-
ing rearing low-AA, moderate-AA, standard-AA, high-AA corresponding to 80, 90, 100, and 110% of the Cobb-Vantress (2018) recommendations,
guided by dig Lys using balanced protein. n = 4 pens per treatment of 65 hens each.

1HHEP = Hen-housed egg production (SEM = 4.08, P = 0.007).
*Significant differences of treatments per week (P < 0.01).
a-cDietary treatments not sharing a lowercased letter in columns differ significantly by Tukey’s HSD test at (P < 0.01).
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29 (EP, % = 67.640 + 0.166 *AA%; P = 0.028;
R2 = 0.32), and 30 wk (EP, % = 67.009 + 0.182 * AA%;
P = 0.015; R2 = 0.38). The best dietary AA concentra-
tion during rearing was estimated to be at 96% by con-
stant quadratic effects (P < 0.05) from 34 up to 65 wk of
age. No differences among means (P > 0.05) on EP were
detected at 24 wk, and from 27 to 45 wk of age, except
at 30 and 39 wk.

Significant effects (P = 0.007) of rearing diets were
detected on total (65 wk) HHEP. Broiler breeders fed
diets during rearing with 90 and 100% AA had the great-
est average HHEP at 65 wk with 174.3 and 176.5 eggs,
Figure 4. Effects of dietary amino acid levels during rearing as a
proportion of the Cobb-Vantress (2018) recommendations on the aver-
age hen-housed egg production (HHEP) at 65 wk of Cobb 500 SF
broiler breeders determined by the quadratic broken line and quadratic
(P = 0.002) models. (Z1 = (AA% < R) *(R − AA%) where (R − AA%)
is defined as zero if (AA% > R); Z2 = (AA% > R) * (AA% − R).
respectively. In contrast, breeders fed low-AA laid
153.7, and high-AA resulted in 162.5 cumulative eggs at
the end of this trial (Figure 4). Quadratic effects (P =
0.002) of treatments were detected in HHEP at 65 wk
(HHEP = -627.946 + 16.670 * AA% - 0.086 * AA%2;
R2 = 0.65) with an optimum AA level of 96.7% during
rearing. Moreover, the simple broken line analysis esti-
mated that 89.7% AA was an optimum level for HHEP
(RMSE = 9.28). However, a better fit of data
(RMSE = 7.85) was observed in the quadratic broken
line regression, demonstrating a maximum level for
HHEP at 65 wk of 94.7% AA during rearing (Figure 4).
Egg Composition and Egg Properties Significant
differences (P < 0.05) on egg weight due to AA levels
were identified on 26, 28, 30, 37, 46, and 51 wk
(Figure 5). At 26 wk, standard-AA and high-AA demon-
strated to produce the heaviest eggs (P < 0.001), com-
pared to low-AA levels that produced the lightest. In
the same way, at 28 wk, only high-AA diets during rear-
ing resulted (P = 0.009) in heavier eggs compared to
low-AA diets. Simultaneously, linear effects (P < 0.01)
indicated that egg weight increased as AA dietary con-
centration rise in the rearing diets at 26 (Egg weight,
g = 45.099 + 0.076 * AA%; R2 = 0.74), and 28 wk of age
(Egg weight, g = 52.346 + 0.042 * AA%; R2 = 0.47). At
37 wk, eggs from 110% AA diets were 1.56 g heavier
(P = 0.002), on average, than eggs from the other treat-
ments (66.75 vs. 65.19 g). Furthermore, the worst AA
level for egg weight was identified at 89% AA according
to the quadratic effect (Egg weight, g = 96.982−0.717 *
AA% + 0.004 * AA%2; P = 0.036; R2 = 0.52). At 46 wk,
mean difference (P < 0.001) demonstrated that egg
weight from dietary treatments with 90%AA was 2.3 g



Figure 5. Egg weight (g) from 26 to 63 wk of age for Cobb 500 SF broiler breeders fed 4 different dietary amino acid levels during rearing low-
AA, moderate-AA, standard-AA, high-AA corresponding to 80, 90, 100, and 110% of the Cobb-Vantress (2018) recommendations, guided by dig
Lys using balanced protein. n = 4 pens with 30 eggs per breeder pen in each evaluation time.

*Significant differences of treatments per week.
a-cDietary treatments not sharing a lowercased letter in columns differ significantly by Tukey’s HSD test at (P < 0.05).
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higher that weight from other treatments (72.40 vs.
70.11 g). At 51 wk, 110%AA, and 100%AA showed the
heaviest and the lightest eggs (P = 0.039), respectively,
and a quadratic (P = 0.028) effect (Egg weight,
g = 107.884−0.803 * AA% + 0.004 * AA%2; R2 = 0.39)
determined the worst AA level for egg weight at 92%.
At 58 wk, regression analysis indicated (P = 0.012) that
egg weight increased with the concentration of AA in
the pullet diets (Egg weight, g = 67.835 + 0.047 * AA%;
R2 = 0.39). In general, the lightest egg weight
(P = 0.022) during the whole cycle resulted from 89% of
AA level on rearing diets, while the maximum egg
weight (P < 0.001) was reached at 54 wk of age accord-
ing to the response surface analysis (Egg weight,
g = 21.660−0.370 * AA% + 0.002 * AA%2 + 2.456 *Age
− 0.022 * Age2; R2 = 0.95), and egg uniformity was not
altered (P > 0.05) due to treatments.

Levels of 80 and 90% AA improved (P= 0.038) the shell
strength as compared to diets with 110% AA at 30 wk
(42.6 vs. 37.9 N). In this study, high-AA content resulted
in a better (P = 0.038) eggshell elasticity (0.23 mm) than
moderate-AA (0.21 mm) at 36 wk. A similar effect
(P = 0.040) was detected at 58 wk, low-AA, and high-AA
content resulted in more elastic eggshells (0.21 mm) than
those from moderate-AA and standard-AA diets (0.20
mm). Moderate-AA treatment presented the highest
(P = 0.034) shell weight (5.97 g) in comparison to low-AA
levels (5.64 g) at 36 wk. Conversely, this last treatment
resulted, on average, 0.32 g heavier (P = 0.016) eggshells
than moderate-AA and high-AA content (6.46 and 6.47 g,
respectively) at 53 wk. Egg analysis showed a linear
decrease in shell strength (Shell strength, N = 56.588
−0.169 * AA%; P= 0.002; R2 = 0.50) and elasticity (Elas-
ticity, mm = 0.304−0.0005 * AA%; P = 0.023; R2 = 0.50)
at 30 wk, for yolk percentage (Yolk % = 32.580−0.0260 *
AA%; P= 0.038; R2 = 0.27), and Y:A ratio at 42 wk (Y:A
Ratio = 0.562−0.0007 * AA%; P = 0.002; R2 = 0.32), and
for shell weight at 53 wk (Shell weight g = 7.563−0.011 *
AA%; P = 0.018; R2 = 0.32). A linear increase in albumen
weight at 30 wk (Albumen weight, g = 31.933 + 0.057
*AA%; P = 0.006; R2 = 0.42), elasticity at 36 wk (Elastic-
ity, mm = 0.156 + 0.0006 * AA%; P < 0.001; R2 = 0.72),
yolk color (Yolk color = 4.108 + 0.021 * AA%; P = 0.008;
R2 = 0.40), and albumen percentage at 42 wk (Albumen,
% = 58.238 + 0.026 * AA%; P = 0.016; R2 = 0.35), and
for albumen weight (Albumen weight, g = 37.397 + 0.066
* AA%; P = 0.023; R2 = 0.32) at 58 wk of age were
detected. Quadratic effects were observed on yolk % at 53
wk (Yolk, % = 4.420 + 0.575 * AA% - 0.003 * AA%2;
P = 0.030; R2 = 0.40), and elasticity at 58 wk (Elasticity,
mm = 0.766−0.012 * AA% + (6.466 * 10�5) * AA%2;
P = 0.029; R2 = 0.45). No other significant effects (P >
0.05) were found in shell color, albumen height, haugh
units, yolk weight, thickness, and shell percentage among
treatments.
According to the response surface, between 30 and 63

wk of age, shell weight augmented linearly (P = 0.024)
with AA levels, and age had a quadratic effect with the
heaviest egg shell (P < 0.001) estimated at 53 wk (Shell
weight, g = -0.887 + 0.003 * AA% + 0.267 * Age - 0.002
* Age2; R2 = 0.89). The response surface analyses also
indicated that yolk percentage decreased linearly
(P = 0.001) as AA levels increased in the rearing diets;
while, a quadratic response (P < 0.001) was observed as
breeders aged, indicating that the maximum yolk per-
centage was reached at 56 wk of age (Yolk, % = 7.534
−0.012 * AA% + 0.894 * Age - 0.008 * Age2; R2 = 0.92).
On the contrary, the albumen percentage had a positive
linear response (P = 0.002) as AA content augmented
during rearing, and age had a quadratic effect with a
maximum percentage (P < 0.001) observed at 54 wk
(Albumen, % = 85.374 + 0.014 * AA% - 0.992 *



Table 3. Effect of dietary AA levels on embryo mortality of Cobb 500 SF broiler breeders.1

Stage ED2 Breeder age, wk Low-AA Moderate-AA Standard-AA High-AA SEM P-value

––––––––––––––––––––––––––––––– (%)–––––––––––––––––––––––––––––––
Early term 1−7 34 4.44 5.77 3.95 3.66 0.96 0.447
Middle term 7−18 34 2.59 3.80 2.41 2.40 0.80 0.568
Late term 18−21 34 0.85 1.40 0.71 1.26 0.25 0.212
Early dead 24h 29 3.00a 1.28b 1.87ab 2.57a 0.36 0.025
Blood ring 3 37 0.63b 0.40b 0.56b 1.41a 0.19 0.037
Malpositions 14−20 46 1.65b 2.74a 1.22b 1.29b 0.33 0.041
Internal pipping 19−20 53 0.58c 1.01b 0.57c 2.32a 0.42 0.040
External pipping 20−21 33 0.72a 1.00a 0.14b 0.28b 0.19 0.027

a-cMeans in columns followed by different superscript letters are statistically different by Tukey’s HSD test (P < 0.05).
1Low-AA, moderate-AA, standard-AA, high-AA diets corresponding to 80, 90, 100, and 110% of the Cobb-Vantress (2018) recommendations, guided

by dig Lys using balanced protein. n = 4 pens with 1 or 2 trays of 180 eggs per breeder pen.
2Abbreviation: ED, embryonic day.
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Age + 0.009 *Age2; R2 = 0.92). A similar linear response
was observed in albumen weight (P = 0.020) with a
maximum weight (P < 0.001) detected at 55 wk (Albu-
men weight, g = 14.024 + 0.025 * AA% + 0.985 * Age -
0.009 *Age2; R2 = 0.71). Consequently, the Y:A ratio
was reduced (P = 0.004) as AA levels increased in the
rearing diets, with the highest ratio (P < 0.001) at 56 wk
of age (Y:A ratio = �0.040−0.0003 * AA% + 0.021 *
Age � 0.0002 * Age2; R2 = 0.92).
Fertility and Hatchability Fertility and hatchability
during the whole reproductive phase on a week-by-week
basis were not affected by AA levels in the rearing diets (P
> 0.05). However, the highest fertility was observed at 39
wk for low and high-AA with 99.81% each, and at 46 wk
for moderate and standard-AA with 99.86 and 99.60%,
respectively. The best hatchability by treatment was
reached by low-AA diets at 34 wk with 90.80%, moderate-
AA at 30 wk with 91.03%, standard-AA at 39 wk with
91.73%, and high-AA at 40 wk with 94.62%. The highest
overall flock fertility was observed at 46 wk with 99.69%.
Meanwhile, the greatest flock hatchability was observed
at 34 wk with 90.71%. Effects of dietary AA during rear-
ing analyzed by response surface indicated that 97% AA
levels resulted in the best hatchability (P= 0.046) from 29
up to 50 wk, and age also had a quadratic effect
(P = 0.014) with the highest percentage at 38 wk of age
(Hatchability, % = �37.331 + 1.944 * AA% � 0.010 *
AA%2 + 1.707 * Age � 0.022 * Age2; R2 = 0.40). A linear
effect (P = 0.004) was detected from 51 to 65 wk of age,
indicating that hatchability percentage declined as AA
levels augmented in rearing diets, and age had a quadratic
effect (P = 0.011) with the maximum percentage at 58 wk
of age (Hatchability, % = � 148.955−0.120 *
AA% + 8.525 * Age − 0.073 * Age2; R2 = 0.25). However,
no effects of treatments were detected (P > 0.05) on fertil-
ity.
Embryodiagnostic After evaluating 15 different
incubations and considering each one as a replicate,
there were no significant effects (P > 0.05) of AA lev-
els during rearing on early (1−7 d), middle (8−17 d),
and late (18−21 d) embryo mortality stages, only spo-
radic effects of dietary treatments during rearing
within specific incubations were observed on mortality
at some stages of embryo development. In early dead
(24 h) at 29 wk (P = 0.024) effects of treatments
were detected. Broiler breeders fed with 80 and 110%
AA levels had the highest mortality at 29 wk com-
pared to treatment containing 90% AA. No other sig-
nificant effects (P > 0.05) on early 24 h nor 48 h dead
were observed. Effects in embryo mortality in the
blood ring stage were observed only at 37 wk
(P = 0.037), where breeders fed during rearing with
110%AA level presented the highest mortality com-
pared to other treatments. Furthermore, mortality
due to malposition or turned chicks was significantly
different (P = 0.041) at 46 wk. Moderate-AA pre-
sented 2 times more this condition (2.74%) than other
treatments (1.38% on average). No other effects of
treatments (P > 0.05) on this phase, black eye, or
feathers period were observed (Table 3). Mortality at
internal and external pipping phases presented effects
of treatments (P < 0.05) at 53 and 33 wk of age,
respectively. Diets with high-AA content produced
1.31% more internal pipping mortality (2.32%) at 53
wk than moderate-AA (1.01%) and 1.75% more than
low and standard AA diets that resulted in 0.58%.
Contrarily, standard and high AA diets produced less
external pipping mortality (0.14 vs. 0.28%) at 33 wk,
in comparison to low (0.72%) and moderate AA diets
(1.00%), which accounted for the highest mortality.
No other significant effects (P > 0.05) due to dietary
treatments during rearing in embryo late mortality,
contaminated eggs, or cracked shells were observed in
the embryo diagnostic.
Incubation at 34 wk was selected to present data of

early, middle, and late embryo mortality stages (Table 3)
since the highest overall flock hatchability was observed
at this week. However, no significant (P > 0.05) effects
of dietary AA treatments during rearing were identified
either on mortality stages or individual embryonic days.
Neither significant effects (P > 0.05) of AA levels and
breeders age were detected through response surface
analysis.
DISCUSSION

Growth and Body Composition

In this study, heavier breeders resulted from standard
and high AA levels at 25, 36, and 40 wk, following the
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same trend reported by Alfaro-Wisaquillo et al. (2021)
during rearing. At 21 wk, pullets fed with 100 and 110%
AA content were 3% heavier than those fed with 80 and
90% AA levels. Total feed allocation, and intake of
AMEn, Ca, and P up to the onset of egg production
decreased as AA increased in the diets, while CP and
AA intake increased linearly (Alfaro-Wisaquillo et al.,
2021). In previous research reports, no significant effects
in breeder BW were reported when using CP levels of
14, 16, and 18% in Cobb 500 (Joseph et al., 2000), high
levels (starter 16.65, grower 14.15, prebreeder 15.11%)
in Ross 308 (van Emous et al., 2015b), and diets with a
reduction on 25% in CP for starter (14.30%), grower
(11.76,%), and prebreeder (12.65%) in a pure line
(Lesuisse et al., 2017). The present results could be asso-
ciated with the fact that the pullets probably fulfilled
their AA requirements for growth during rearing before
photostimulation with a cumulative intake of 58.20
(standard-AA) and 62.58 g (high-AA) of dig Lys, reach-
ing an average BW of 2,607 and 2,661 g, respectively. In
contrast, low-AA and moderate-AA resulted in a higher
feed supply (115 and 82 g of feed, respectively), only con-
sumed 49.26 (low-AA) and 53.57 g (moderate-AA) of
dig Lys, obtaining a BW of 2,542 and 2,572 g for each
treatment, respectively.

Results of this experiment during the rearing phase
presented by Alfaro-Wisaquillo et al. (2021) reported a
reduction of abdominal fat deposition at 15 wk and an
increase of relative breast weight at 20 wk on these pul-
lets fed high AA levels compared to low AA content.
However, during the laying phase, these effects on breast
muscle were not detected. At 25 wk, abdominal fat had a
similar result as observed at 15 wk. Low-AA diets
resulted in a better fat deposition estimated at 1.18 %
compared to high-AA, which presented the lowest
abdominal fat at 0.81%. These outcomes agree with
those found by van Emous et al. (2013, 2015a). In those
studies, using low (Starter 14.59, grower 12.27, and pre-
breeder 12.79%) and medium levels of CP (Starter
17.96, grower 12.96, and prebreeder 13.96%), with a
reduction of 16% and 8% of dig AA, respectively, fat
deposition increased finalizing the rearing phase at 20
wk, without effects on the laying phase. In contrast, in
diets between -20 and +5% of CP compared to Ross 308
guidelines (2016), Soumeh et al. (2018) found that
abdominal fat was reduced linearly as observed in the
present experiment.

Negative correlations between BW and RL of small
intestine indicated that heavier hens fed with 110% AA
level had shorter intestine at 25 wk. In comparison, pul-
lets with longer intestines were fed with 80% AA. These
are effects from the rearing phase (Alfaro-Wisaquillo
et al., 2021) that continued until the onset of egg pro-
duction. Probably, longer sections of the intestine (Jeju-
num and ileum) are an adaptation to lower nutrient
availability and vice versa (Taylor and Jones, 2004;
de Verdal et al., 2010). Future experiments could evalu-
ate the mechanisms that lead to the changes observed in
intestinal length and breast muscle development when
feed restricted pullets fed with different AA levels during
rearing phase present these modifications on intestinal
length along the whole life, develop different nutrient
absorption capacity, fat deposition or breast muscle
development that can explain a low EP.
Reproductive Performance

Egg Production In this study, the onset of EP was not
affected by dietary AA levels during rearing, probably
because all treatments reached similar BW before photo-
stimulation with minimum abdominal fat differences. In
contrast, Lesuisse et al. (2017) described a reduction in
CP of 25% in starter, grower and developer diets (14.30,
11.76, and 12.65% CP) delayed 5 d the onset of produc-
tion and presented the lowest values for total HHEP
and egg mass. Despite the reduction in CP, the levels
used by Lesuisse et al. (2017) were only 0.8% lower with
respect to our lowest CP content in the 80% AA treat-
ment. No significant differences were observed in the
peak of EP. However, 90 and 110% AA reached the peak
EP at 30 wk, while hens fed 100% AA during rearing
were the last treatment in achieving the maximum EP
at 32 wk. van Emous et al. (2015b) did not find effects
on the peak of EP when using diets with high (starter
16.65, grower 14.15, and prebreeder 15.11%) or low CP
levels (starter 13.81, grower 11.32, and prebreeder
12.62%). In general, 90 and 100% AA content resulted
in the best percentage of hen-weekly EP and HHEP at
65 wk. On average, these treatments produced 21.7 eggs
more than breeders fed 80% AA levels, which had the
lowest HHEP (153.7 eggs). These results are similar to
those reported by Joseph et al. (2000), which indicated
that EP at 29 wk decreased with rearing diets of 14%
CP compared to pullets fed diets with 18% CP.
van Emous et al. (2015b) described that low CP (grower
11.32, and prebreeder 12.62%) compared to high CP lev-
els (14.15 and 15.11%) during rearing caused a positive
effect with 3 more total eggs (63.6 vs. 66.6) from 45 to
60 wk of age in Ross 308 breeders. Contrarily, the
HHEP in the present study was reduced in 9.74 eggs
when comparing standard-AA (59.53 eggs) and diets
containing 20% less AA (49.79 eggs) during the same
period with Cobb 500 hens. Lesuisse et al. (2017), using
a pure line, reported a decline of 14.1 total HHEP
(69.3 vs. 55.2 eggs) up to 39 wk of age in pullets fed
starter, grower, prebreeder, and breeder diets with
14.30, 11.76, 12.65, and 11.55% of CP respectively.
Probably these differences in EP and HHEP among
van Emous et al. (2015b), Lesuisse et al. (2017), and this
study were due to the genetic lines used (Aviagen, 2016;
Cobb-Vantress, 2020) and the levels evaluated in each
experiment. Da Silva et al. (2015) also reported a linear
reduction of EP between 24 and 40 wk of age when
increasing Met+Cys levels in isocaloric and isoproteic
rearing diets formulated to be deficient in TSAA and
supplemented with DL-Methionine to obtain an AA
concentration between 0.688 and 0.988% on Cobb 500
pullets. In the study presented here, pullets fed lower
AA diets (80% and 90%) produced higher fat deposits at
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the onset of EP but resulted at the same time, in the best
and the worst HHEP at 65 wk (90%: 174.3 vs. 80%:153.7
total eggs), which indicates that the HHEP was not only
influenced by fat deposition but probably for breast
development (Vignale et al., 2016; Caldas et al., 2018).
Despite a linear decrease in the fat deposits with the
increase of CP levels, Soumeh et al. (2018) reported no
EP or fertility effects, as we observed in this trial.

An average optimum AA level of 95.7% to maximize
HHEP was determined by a quadratic broken line and
quadratic models. Considering the nutrient intake dur-
ing rearing up to onset of egg production for this opti-
mum level estimated (Alfaro-Wisaquillo et al., 2021),
Cobb 500 SF broiler breeder pullets should consume
23,854 kcal of AMEn, 1,258.2 g of CP, 55.69 g of dig
Lys, and 47.99 g of dig TSAA before photostimulation,
including the starter phase, to achieve optimum EP.
These values are very close to Cobb-Vantress (2020) rec-
ommendations that represent 24,388 kcal, 1,341.9 g of
CP, 57.13 g of dig Lys, and 47.97 d of dig TSAA.
van Emous et al. (2015b) reported that low CP levels
improved HHEP with 3 more total eggs from 45 to 60
wk in Ross 308, with a cumulative intake of 31,015 kcal
and 1,488 g of CP per pullet during rearing phase from 2
up to 22 wk of age. The consumption of energy aug-
mented 12.8%, and CP declined 3.7% to reach the target
BW compared to high CP diets (27,515 Kcal, and
1,545 g CP). In the results presented herein, AMEn con-
sumption between 2 and 22 wk of age was estimated at
26,878 kcal for low-AA treatment, 26,788 kcal for mod-
erate-AA, 26,643 kcal for standard-AA, and 26,412 for
high-AA diets. As observed in the outcomes presented
by van Emous (2015b), pullets fed lower CP diets con-
sumed more energy due to the increase of feed allowance
to achieve target BW. However, the feed allocation until
22 wk in this study ranged 167 g from the 80% AA
(9,930 g) to 110% AA (9,763 g), while the difference
expressed by van Emous (2015b) represent 1,320 g
between treatments (11,630 vs. 10,310 g).
Egg Composition and Egg Quality During the pres-
ent experiment, higher AA levels resulted in larger eggs,
specifically in early and late production at 26, 28, and 51
wk. This result followed a similar finding reported previ-
ously (Summers, 1993; Summers and Leeson, 1994;
Joseph et al., 2000), where hens fed high CP levels laid
heavier eggs in the early laying period due to an
increased BW or albumen weight. The lightest egg
weight was obtained with 89% AA in the whole cycle,
and the maximum weight was achieved at 54 wk. The
results of this experiment could be associated with the
fact that high CP and AA levels could improve albumen
and consequently increasing egg size (Ekmay et al.,
2013). Breeders fed 90 and 100% AA levels during rear-
ing produced more eggs and laid lighter eggs than
breeders fed with 80 and 110% AA. Yolk percentage,
albumen percentage, and weight, and Y:A ratio were lin-
early affected by AA levels fed during rearing, with the
quadratic effect of age. Higher Y:A ratio is essential for
embryo development and hatch due to the yolk function
as suppliers of lipids, water, minerals, protein, and other
nutrients to guarantee adequate embryo growth
(Uni et al., 2012; Nasr, 2015). Albumen percentage and
weight increased as AA levels increased, while yolk per-
centage and Y:A ratio decreased in the same way. A
reduction on Y:A ratio indicates lower availability of
fatty acids, which are considered the main source of
energy for the embryo (Nasr, 2015), and consequently
could affect the hatchability and performance of the off-
spring (Ulmer-Franco et al., 2010). Conversely,
Lesuisse et al., 2017 using low CP levels (14.30, 11.76,
12.65, and 11.55%), did not find effects on yolk percent-
age and Y:A ratio, but albumen percentage decreased
1.6% at 32 wk of age (57.9 vs. 56.3%) enhancing progeny
BW.
On the other hand, shell strength and yolk color were

affected linearly as AA increased in rearing diets and
shell weight and elasticity in a quadratic way.
Jiang et al. (2019) reported a linear decrease in the egg-
shell percentage, thickness, and strength in broiler
breeders supplemented with Thr ranging from 0.50 up
to 0.98% of total dietary content in the laying phase
from 28 to 38 wk of age. However, these levels were
higher than those used in the experimental rearing diets
and standard layer diets in our experiment. In this
study, TSAA:Lys ratios ranged from 0.97 to 0.84 in
grower and from 0.98 to 0.86 in developer, decreasing as
dietary AA content increased. This result can explain
the better eggshell quality parameters observed at 30
and 53 wk since some authors have suggested that
increasing TSAA:Lys ratios from 0.82 to 0.97 can supply
the sulfur AA requirements for the shell protein matrix
synthesis, and improve the Ca binding ability to obtain
better eggshell quality (Novak et al., 2006; Nassiri-
Moghaddam et al., 2012). Joseph et al. (2000) indicated
that the eggshell weight increased by CP content of 18%
during rearing in Cobb 500 broiler breeders. Diets
reduced in CP from 3 up to 40 wk of age (14.30, 11.76,
12.65, and 11.55 % CP) in a pure breeder line impaired
shell weight, but this reduction did not affect the thick-
ness, yolk weight, and albumen height (Lesuisse et al.,
2017) at 26, 32, and 39 wk, as it was observed in the
present study.
Fertility and Hatchability Dietary treatments did not
influence fertility during rearing, similar to findings
reported by van Emous et al. (2015a) using different
growth patterns and high (19.21, 14.13, and 14.88%),
medium (17.96, 12.96, and 13.96%), and low levels of
CP (14.59, 12.27, and 12.79%) on starter, grower and
prebreeder diets. These findings could be related to an
adequate feed allocation and cumulative intake of AA,
energy, and other nutrients at 20 wk that permitted to
reach the target BW, producing persistence on fertility,
as suggested by Walsh and Brake (1997). In the present
experiment, the best fertility was at 39 wk, with 99.81%
for low and high-AA, and at 46 wk 99.73% on average
for breeders fed moderate and standard-AA without
observing significant statistical differences among treat-
ments. Walsh and Brake (1997, 1999) described an
improvement in fertility on broiler breeders fed diets
with 15.7% of CP and the Lys:(Met+Cys) ratio of 1:0.85
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on the growing phase. The results presented herein dem-
onstrated that hatchability increased quadratically
between 29 and 50 wk with TSAA ranging from 0.55 to
0.64% in grower and 0.57 to 0.67% in the developer.
Using higher TSAA levels from 0.688 to 0.928%,
Da Silva et al. (2015) detected a reduction of hatchabil-
ity at 40 wk in Cobb 500 pullets at levels of 0.928%
TSAA. Conversely, van Emous et al. (2015a) observed
better fertility of 94.4% and hatchability of 92.2% of fer-
tile eggs on Ross 308 breeders fed rearing diets with high
CP content (19.21, 14.13, and 14.88%). Still, medium
CP levels (17.96, 12.96, and 13.96%) presented lower
hatchability estimated in 87.9%. Another report by
van Emous et al. (2015b) described effects in breeders
fed rearing diets with a reduction on CP (13.81, 11.32,
and 12.62%) that presented the best fertility in 92.2%
and hatchability of 89% with respect to breeders
fed high CP levels (16.6, 14.1, 15.1%) that resulted
on 91.1% and 87.7%, respectively. But,
Lesuisse et al. (2017) reported that decreasing 25% the
CP with inclusion of 14.30, 11.76, 12.65, and 11.55 %
reduced fertility by 14.5% (84.9 vs. 70.4) without effects
on hatchability of fertile eggs. However, this experiment
indicated that regardless of AA level evaluated during
rearing, fertility was not affected, and the results were
close to standards indicated by Cobb-Vantress guide-
lines (2020).

As the breeder aged, the eggs were larger; usually, this
is influenced by larger yolk size compared to albumen.
Conversely, in this study, a linear effect of AA increased
the albumen and decreased yolk percentage, leading to a
linear decrease in the Y:A ratio. Consequently, a qua-
dratic response was observed on hatchability between 29
and 50 wk of age, showing a decline in this parameter
when pullets were fed diets with more than 97% AA dur-
ing rearing and a linear decrease from 51 wk onward. An
increase in albumen percentage could have affected the
gas exchange between oxygen and carbon dioxide, yolk
absorption, and oxidation of fatty acids causing high
late embryo mortality as observed in young hens
(Ara�ujo et al., 2015). Similarly, a reduction in yolk per-
centage meant fewer fatty acids available for the
embryo, mainly in the days of incubation, decreasing the
energy necessary to hatch and less fat reserves for later
use during growth (Uni et al., 2012). Additionally, to
the effects of AA levels in eggshell traits and Y:A ratio,
hatchability and embryo development could be influ-
enced by other egg traits. The optimum seems to be
obtained with diets containing 90 and 100% AA during
rearing. However, machine conditions also played a role
in hatchability and should be considered to interpret the
results of this parameter.
Embryodiagnostic The dietary AA levels during rear-
ing did not affect early, middle, and late embryo mortal-
ity in any of the 15 incubations that were conducted.
But, some sporadic effects of treatments were observed
on some phases of embryo development. For example,
the highest early dead at 24 h was found at 29 wk on
hens fed 80 and 110% AA content. This last treatment
had the highest mortality rate in the blood ring stage (3
d) at 37 wk. Mortality by malposition was related to
90% AA during rearing, and only standard AA levels
resulted in less late mortality. van Emous
et al. (2015b) found in Ross 308 hens between 22 to 45
wk of age, that pullets fed low CP (starter 13.81,
grower 11.32, and prebreeder 12.62%) content during
rearing showed a 0.9% less embryo mortality from
incubation d 10 onward, compared to high CP levels
(starter 16.65, grower 14.15, and prebreeder 15.11%).
However, in another study by the same author
(van Emous et al., 2015a), when hens received medium
levels of CP on rearing diets (starter 17.96, grower
12.96, and prebreeder 13.96%), higher average embryo
mortality of 3.2% was observed in the late stage of
incubation from 18 to 21 d as compared to diets with a
reduction of 10% (14.59, 12.27, and 12.79%) or
uplift of 7.5% of CP (19.21, 14.13, and 14.88%). Those
outcomes were associated with high incubation tem-
perature, resulting in embryo respiratory failure, mal-
position, and abnormalities.
In conclusion, the hypothesis formulated is accepted

since AA levels evaluated during rearing demonstrated
to affect BW and reproductive performance except for
fertility. Standard and high AA treatments resulted in
heavier pullets with less abdominal fat deposition at
the end of the rearing phase and did not seem to affect
EP directly. The onset of lay was not affected by the
dietary AA content, but peak production was reached
at 30 wk with 90 and 110% AA. Moderate and stan-
dard AA diets produced the best HHEP. In this experi-
ment, the optimum AA levels to maximize HHEP were
estimated to be 94.7% and 96.7% of Cobb-Vantress
(2018) recommendations through quadratic broken
line regression and quadratic models, respectively.
Rearing diets with an estimate of 89% of AA resulted
in the lightest eggs, and high-AA levels caused an
improvement in eggshell quality parameters. Addition-
ally, as AA levels increased during rearing, the yolk
percentage and Y:A ratio decreased, and albumen
weight and the percentage increased. No treatment
effects were observed on fertility, but hatchability was
enhanced up to 50 wk of age with 97% of AA, from 51
to 65 wk was linearly reduced.
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