
PHYSIOLOGY AND REPRODUCTION
� 2019 P
Association I
license (http:

Received J
Accepted
1Correspo
Effects of prenatal stress and genetics on embryonic survival and
offspring growth of laying hens
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ABSTRACT Early-life exposure to stressors can shape
the phenotype of the offspring resulting in changes that
may affect their prehatch and posthatch development.
This can be modeled indirectly through maternal expo-
sure to stressors (natural model) or by offspring exposure
to stress hormones (pharmacological model). In this
study, both models were used to investigate the effects of
genetic line on hatchability, late embryonic mortality,
sex ratio, and bodyweight until 17 wk of age. To form the
parent stock, fertilized eggs of 4 commercial genetic lines
— two brown (brown 1 and 2), twowhite (white 1 and 2),
and a pure line White Leghorn — were incubated,
hatched, and housed identically in 4 flocks of 27 birds (24
females and 3 males) per strain. Each strain was equally
separated into 2 groups: “maternal stress,” where hens
were subjected to a series of acute psychological stressors
(e.g., physical restraint, transportation) for 8 D before
egg collection, and “control,” where hens received routine
husbandry. At 3 maternal ages, fertile eggs from both
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treatments were collected, and additional eggs from the
control group were injected with corticosterone (10 ng/
mL egg content) (“CORT”). A “vehicle” treatment was
included to account for effects of egg manipulation. Each
maternal age comprised a replicate over time. Eggs were
incubated and hatched, and the offspring (N 5 1,919)
were brooded until 17 wk under identical conditions. The
results show that prenatal stress interacted with strain to
decrease embryonic survival and growth. Among all
strains, brown 2 was consistently themost affected line in
both prehatch and posthatch development. Our study
shows that embryonic survival and offspring growth are
mostly affected by the pharmacological model and that
strain differences may increase susceptibility to prenatal
stress. Moreover, it suggests that the natural stressor
model may be useful for quantifying the response of the
mother to stressors, whereas the pharmacological model
may be useful for quantifying the response of the embryo
to increased levels of corticosterone.
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INTRODUCTION

The prenatal bond between the mother and offspring
involves mechanisms that can shape the phenotype of
the progeny in both genetic and nongenetic ways. In
birds, stressful events experienced by the female can
modify the deposition of nutrients and resources into
the egg. It has been suggested that these changes may
signalize the future environment to the embryo
(Gluckman et al., 2005; Williams and Groothuis,
2015), allowing for adaptive phenotypic modifications
in the offspring (Mousseau and Fox, 1998; Gluckman
et al., 2005; Podmok1a et al., 2018).
The effects of maternal stress on egg composition have
been extensively studied in birds (e.g., hormones (Carter
et al., 2018), antioxidants (Possenti et al., 2018), and im-
munoglobulins (Roth et al., 2018)). Gonadal steroid hor-
mones, and particularly androgens, are known to be
important mediators of maternal effects. In addition,
the steroid hormone corticosterone has attracted consid-
erable attention as a maternal cue because of its charac-
teristics as the final product of the stress response and its
physiological capacity to mediate different traits on the
developing embryo (reviewed in the study by Groothuis
et al., 2019). Embryonic production of corticosterone
naturally stimulates the synthesis and maturation of
vital organs such as the lung, small intestine, liver, adre-
nals, and kidney, among other functions (Jenkins and
Porter, 2004; Wada, 2008). However, increased
concentrations of this hormone can impair offspring
traits such as embryonic development, hatchability,
and body weight (Eriksen et al., 2003; Henriksen et al.,
2013; Tissier et al., 2014). Moreover, differences in the
sex ratio due to prenatal stress have been reported in
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quails (Bonier et al., 2007) and passerines (Love and
Williams, 2008) and might also be related to increased
levels of glucocorticoids in the egg.
In laboratory conditions, 2 approaches can be used to

increase the levels of corticosterone exposure experi-
enced by the embryo: a natural stress model that consists
of maternal exposure to stressors (either naturally or
through corticosterone injections or implants) and a
pharmacological model that involves egg manipulation.
Maternal stress presents little risk of damaging the egg
or harming the embryo (Podmok1a et al., 2018) and
does not preclude other mediators that might also have
an effect on embryonic development. However, it is diffi-
cult to accurately measure the concentration of the hor-
mone reaching the embryo owing to the hen’s ability to
adjust circulating steroids in the egg (Groothuis and
Schwabl, 2008; Williams and Groothuis, 2015) and the
embryonic capability to modulate corticosterone levels
through rapid metabolization (Vassallo et al., 2014).
Contrarily, manipulation of the egg allows a precise hor-
mone increase but through the use of an invasive me-
chanical procedure involving injection, normally
harmful to the embryo (Heiblum et al., 2001; Janczak
et al., 2007a). Moreover, as pointed out by Groothuis
et al. (2019), responses to the hormone are often dose
dependent, and the actual physiological concentrations
delivered to the egg from the hen remain largely un-
known (Rettenbacher et al., 2013a).
A vast body of literature already exists with respect to

the long-term effects of prenatal corticosterone on avian
morphology (reviewed in the study by Henriksen et al.,
2011), but to our knowledge, the influence of genetics
on this matter has not yet been regarded. Domestication
of the wild jungle fowl and artificial genetic selection for
traits desired by humans have not only created a large
number of breeds with several phenotypical differences
but have also increased prenatal stress susceptibility in
chickens (N€att et al., 2012); however, this has only
been tested in one strain of birds, and it is possible
that phylogenetically distant groups, such as brown
and white strains, respond differently to the same effect.
Herein, we aimed to investigate how genetics interacts

with prenatal stress to affect embryonic survival and
growth in the offspring of layer breeders. For this, we
tested 2 stress models, maternal stress and corticosterone
injections “CORT” in 5 genetic lines of breeder hens.
Based on the phenotypic differences observed across
strains and the differences of each stress model, we hy-
pothesized that offspring response to prenatal stress will
depend on the genetics of the breeder flock and will be
more easily observed in the pharmacological model.
MATERIALS AND METHODS

The effects of 2 prenatal stress models (maternal stress
vs. CORT) and a vehicle control treatment were
assessed on the hatchability, late embryonic mortality,
sex ratio, and body weight from hatch to the age of
17 wk of the offspring of 5 strains of layer breeders.
Stressors were applied at 3 maternal ages (32, 52, and
72 wk), resulting in different cohorts of the progeny
that were treated as replicates across time. Treatments
aimed for 2 repetitions of 20 birds per strain, but the
vehicle and CORT treatments frequently failed to
achieve these numbers owing to high embryonic mortal-
ity. All birds were treated in accordance with the Cana-
dian Council on Animal Care, and all procedures were
approved by the University of Guelph Animal Care
Committee (Animal Utilization Protocol #1946).

Parent Stock: Management

A total of 2,600 fertilized eggs of parent stock were
provided by genetic companies 1 and 2 (brown 1 and
white 1, brown 2 and white 2) and the University of
Guelph’s Arkell Poultry Research Station (pure line
White Leghorn). To guarantee similar experiences,
eggs from all strains were collected from grandparent
hens between 40 and 50 wk of age and subjected to iden-
tical incubation and husbandry conditions. The eggs
were stored at 4�C for a maximum of 9 D and hatched
at the University of Guelph’s Arkell Poultry Research
Station using commercial-grade incubators and hatchers
(NatureForm, Jacksonville, FL). On day 19, eggs were
candled, and only the ones containing live embryos
were transferred to the hatcher. The birds were sexed
and vaccinated for bronchitis (spray), Marek’s disease
(injection), and Immucox (gel droplet) on day 1 at the
hatchery. The vaccination program also included the
following: Newcastle-bronchitis vaccine (spray) at
3 wk, ILT Vectormune FP-LT-AE (wing web) at 6 wk,
and Newcastle-bronchitis at 10 (spray) and 16 (intra-
muscular) wk.

Groups of 130 females and 20 males per strain were
formed and placed into floor pens bedded with litter,
with a space allowance of 98 cm2/bird. Birds were
wing banded and beak treated by professionals on days
7 and 11, respectively, and the analgesic (acetylsalicylic
acid) diluted in water was provided for 3 D after the
latter procedure (Machin, 2005). At 6 wk of age, each
strain was equally distributed to 4 parent flocks of 27
birds (24 females and 3 males) and kept until 76 wk of
age. Each pen (3.7 m2) contained pine shavings and
one perch. To cover account for unexpected losses
(e.g., mortality, sickness, low body weight), extra birds
(1 male and 2 females) were kept in each group until
21 wk of age. The flocks were reared under identical
feeding, temperature, and lighting programs. At 18 wk,
5 nest boxes were added into each one of the pens. Egg
collection was performed and recorded daily from 21 to
75 wk between 7:30 and 9:00 h. Despite routine husband-
ry, all human interactions with the birds were avoided to
prevent possible habituation.

Parent Stock: Control and Stress
Treatments

Each strain of parent stock was equally assigned to
control and maternal stress treatments with 2 replicate
flocks per strain and treatment. Control groups were
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strictly subjected to regular husbandry, whereas
maternal stress groups were subjected to daily sessions
of acute psychological procedures that have been shown
to elevate plasma corticosterone (Table 1). The average
time window for egg production, from the beginning of
vitellogenesis until laying, is 8 D. Thus, each flock in
the maternal stress group received a minimum of 8
consecutive days of stressors before the beginning of
egg collection. For stressors 3, 4, and 5 (Table 1),
females were crated and moved to a testing
arena measuring 100 cm ! 100 cm ! 200 cm
(length ! width ! height), constructed of solid panels
with 2 doors located on opposite walls and 2 light emit-
ting diode (LED) lights on the ceiling. The birds were
immediately returned to home pens after application of
stressors.

Overall, stress sessions respected the following
criteria: (1) Flocks were subjected to one stressor a
day; (2) The total number of sessions depended on the
egg production of each flock; (3) The same stressors
were never applied consecutively to avoid habituation;
(4) Sessions ran randomly from 9:00 to 16:00 h. Proced-
ures were performed at 3 maternal ages (32, 52, and
72 wk), resulting in different offspring groups. Each
group was treated as a replicate comprised over time.
This design allowed us to work with a large sample
size, but it also resulted in replicates confounded with
incubatory settings, chick placement, and egg composi-
tion because the nutritional value of the egg changes as
a hen ages (Nielsen, 1998). The eggs were collected and
stored for a maximum of 9 D at 4�C until incubation.
Parent Stock: Vehicle and CORT
Treatments

The CORT treatment aimed to simulate eggs that
received an increased concentration of corticosterone
from a stressed hen. The concentration of corticosterone
in egg yolks has been previously reported to range from
0.77 to 2.8 ng/g in Hy-Line Brown (Navara and
Pinson, 2010; Ahmed et al., 2014; Engel et al., 2019) to
average 1.6 ng/g in Hy-Line White (Navara and
Pinson, 2010) and 2.13 ng/g in Bovan White
(Haussmann et al., 2012) under control conditions. How-
ever, analytical validation of enzyme immunoassay and
radioimmunoassay techniques showed the presence of
cross-reactive substances that hamper quantification of
corticosterone in the yolk and albumen of eggs
(Rettenbacher et al., 2013a). Because the exact concen-
tration of corticosterone in eggs remains unknown, we
followed the methodology and dosage developed by
Janczak et al. (2007a) and subsequently used by
Haussmann et al. (2012). The CORT treatment group
received a final concentration of 10 ng of corticoste-
rone/mL of egg content (corticosterone: Sigma-Aldrich
Chemical Co., St. Louis, MO) diluted in sesame oil
(Fisher Scientific Co., Fair Lawn, NJ), while the vehicle
treatment group received the same concentration of ses-
ame oil only. The average weight of egg content (90% of
egg weight) (Beuving and Vonder, 1981) per offspring
group was 50, 50, and 59 g. Thus, 50 mL of solution
was injected into eggs from breeders of 32 and 52 wk
of age, whereas 60 mL was injected into eggs from
72-wk-old hens.
When breeders were at 25 wk of age, we collected eggs

from all strains and conducted a pilot study to estimate
hatchability levels. Eggs used to form the different
offspring groups were selected according to weight (be-
tween 52 and 70 g) and day of laying (recent over old).
One day before incubation, a 5 x 5 mm layer of silicone
sealant (General Electric, Boston, MA) was applied
onto the basal tip of the eggs designed to form the
injected treatments to prevent gas exchange and
contamination. On the morning of each incubation
day, a stock solution of 2.5 mg corticosterone was diluted
in 2.5 mL sesame oil, warmed to 100�C, and sonicated for
15 min. Both CORT and vehicle solutions were sterilized
at 180�C for 30 min and let to cool down to room temper-
ature. Moments before incubation, 1-ml syringes were
filled, and treatments were injected 5 mm into the
albumen through the silicone seal using 23-gauge
needles.

Offspring Stock: Incubation and Embryonic
Data Collection

Egg collection, incubation, and hatch occurred under
similar conditions at different maternal ages, resulting
in 3 offspring groups replicated over time. On day 19
of incubation, the eggs were candled and transferred to
the hatcher. After observing an unusual number of
dead embryos at different ontogenetic stages in the first
replicate group, we began to record day of embryonic
mortality for replicates 2 and 3 (N 5 1,602), which
was determined by comparison with pictures of embryos
at different ontogenetic phases (Hamburger and
Hamilton, 1951). For statistical reasons, data were orga-
nized in 2 categories: early mortality, if before 10 D of
development, and late mortality, from 11 to 16 D. Imme-
diately after hatch, we recorded the number and sex of
the healthy progeny to determine hatchability and sex
ratio (N 5 1,919).

Offspring Stock: Housing Condition and
Posthatch Data Collection

The offspring were wing banded at hatch and equally
distributed to 3.72 m2 pens with a perch and litter floor.
Our experimental design aimed for 2 replicates with 20
birds each (10 females and 10 males) per treatment
and strain. However, final numbers varied owing to
low hatchability of injected treatments (Table 2). All
birds (N 5 1,919) were weighed at hatch and at 2, 4,
8, 11, 13, 15, and 17 wk of age.

Statistical Analyses

The Glimmix procedure of SAS 9.4 (SAS Institute,
Cary, NC) was used to perform all statistical analyses.



Table 1. List of acute psychological stressors applied to breeder stock females.

Stressor Reference

1 Crating followed by 15 min of transportation Zulkifli et al., 2009
2 Physical restraint in a cloth bag for 10 min Ericsson et al., 2016
3 Crating followed by 30 min in a testing arena and 3 simulated predator attacks of 30 s each Pitk et al., 2012
4 Crating followed by 15 min in a testing arena and 3 acute auditory stressors (air horn) Guibert et al., 2011
5 Crating followed by 30 min of social interaction with another strain in a testing arena Siegel, 1980
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The basic statistical model included fixed effects of treat-
ment, strain, and treatment-by-strain interaction.
Further preplanned comparisons included treatment
(control vs. all other treatments [referred to as stressors
in tables] and control vs. each stress model) and strain
(white vs. brown and genetic company 1 vs. genetic com-
pany 2). Tests for normality included Shapiro–Wilk and
Anderson–Darling measurements in conjunction with vi-
sual plots. The level for assessment of statistical signifi-
cance of differences between means was set at
P , 0.05. The analyses controlled for the multiple
testing error using the percentage of false positives,
which estimates the false discovery rate (FDR)
(García, 2016).
Hatchability, Late Embryonic Mortality, and Sex
Ratio Observations are presented as the percentage of
healthy chicks at hatch, embryos that died at the late
stage of development, and females at hatch. Data were
subjected to a Poisson distribution, and differences be-
tween least squares means were tested using a chi-
square test. Significance after FDR correction was set
at P , 0.021 for hatchability and P , 0.026 for late
embryonic mortality.
Body Weight Body weight data were subjected to
ANOVA. The model was partitioned by offspring age,
accounted for unbalanced repeated measures, and
random effects included the offspring replicate and pen
Table 2. Number of chicks placed in pens by strain, treatment

Strain Treatment

1

Pen 1 Pen

Brown 1 Control 20 2
Maternal stress 20 2
Vehicle 11 1
CORT 12 1

Brown 2 Control 20 2
Maternal stress 20 2
Vehicle 10
CORT 10

White 1 Control 20 2
Maternal stress 20 2
Vehicle 13 1
CORT 15

White 2 Control 20 2
Maternal stress 17 1
Vehicle 18
CORT 11 1

White Leghorn Control 14 1
Maternal stress 16 1
Vehicle 11
CORT 10

Abbreviation: CORT, corticosterone.
nested within the room, with the bird as the experi-
mental unit. A log-normal transformation was per-
formed to meet the assumption of a normal distribution
of residuals. Significance after FDR correction was set at
P , 0.012, followed by a power analysis (alpha 5 0.01).
The least squares means and SE were back transformed
and are presented in the results (g).
RESULTS

Hatchability

Descriptive statistics of the number of viable embryos
and percent hatchability for the pilot study and
offspring replicates at 3 maternal ages are given in
Table 3. Although not statistically analyzed, embryonic
viability in injected treatments consistently decreased as
breeder hens aged.

Hatchability was affected by in ovo injections
(P, 0.001) (Figure 1).Overall differences between control
(83.16 2.4%) and vehicle (38.06 1.6%;P, 0.001) treat-
ments displayed the effects of mechanical damage on the
egg,whichwas intensified by the addition of corticosterone
(CORT: 20.9 6 1.2%; CORT vs. control: P , 0.001).
Maternal stress (85.4 6 2.4%) treatment did not
affect hatchability compared with control treatment
(P5 0.493).
, and offspring group.

Offspring group

2 3

2 Pen 1 Pen 2 Pen 1 Pen 2

0 20 19 20 20
0 20 20 20 20
1 20 20 19 18
2 21 0 20 0
0 19 20 20 20
0 20 20 20 20
0 20 20 16 15
0 15 0 17 0
0 20 20 20 20
0 20 20 18 18
2 17 16 20 20
0 14 13 18 0
0 20 20 20 20
8 20 20 20 20
0 20 20 20 20
2 23 0 17 16
4 20 20 17 17
7 20 20 17 16
0 14 12 23 0
0 15 0 10 0



Table 3. Number of eggs set at embryonic day 0, number of viable embryos at em-
bryonic day 10 or 19, and percentage of viable embryo.

Offspring replicate Pilot Offspring 1 Offspring 2 Offspring 3

Breeder flock age 25 wk 32 wk 52 wk 72 wk

Embryonic day 0 10 % 0 19 % 0 19 % 0 19 %

Brown 1 Control 34 32 94 46 42 91 60 52 87 69 51 74
Maternal stress - - - 45 43 96 48 42 88 66 44 67
Vehicle 14 9 64 33 22 67 99 43 43 115 39 34
CORT 15 9 60 44 24 55 89 21 24 221 20 9

Brown 2 Control 32 28 88 49 42 86 53 46 87 74 63 85
Maternal stress - - - 48 42 88 47 41 87 67 58 87
Vehicle 14 10 71 33 10 30 101 42 42 181 34 19
CORT 11 7 64 47 10 21 129 16 12 275 19 7

White 1 Control 30 26 87 49 45 92 58 52 90 64 61 95
Maternal stress - - - 44 35 80 56 52 93 60 54 90
Vehicle 15 12 80 45 18 40 112 55 49 152 57 38
CORT 19 16 84 41 23 56 100 24 24 208 41 20

White 2 Control 40 37 93 50 49 98 51 48 94 71 56 79
Maternal stress - - - 49 47 96 50 48 96 69 54 78
Vehicle 15 14 93 45 25 56 87 33 38 201 63 31
CORT 16 11 69 69 15 22 96 28 29 246 23 9

White Leghorn Control 40 35 88 54 28 52 52 44 85 57 34 60
Maternal stress - - - 48 33 69 59 54 92 55 42 76
Vehicle 11 7 64 44 11 25 78 26 33 70 24 34
CORT 11 4 36 46 10 22 106 16 15 115 10 9

Data are displayed by breeder flock’s age strain and treatment.
Abbreviation: CORT, corticosterone.

PEIXOTO ET AL.1622
A chi-square test showed interactive effects between
strain and treatment (P , 0.001) (Table 4). Among all
strains, White Leghorn showed the lowest hatchability
values in the control treatment and the second lowest
values in vehicle and CORT treatments, only higher
than brown 2 (Figure 1). Maternal stress treatment dis-
played no differences across strains. Contrast analyses
determined a difference between strains from genetics
company 1 and 2 (P , 0.001). Overall, brown 1 and
white 1 were the most resilient strains to the effects of
vehicle and CORT treatments, whereas brown 2 was
the most susceptible strain.
Sex Ratio

The percentage of females at hatch was independent
of treatment and strain (P 5 0.730). Preplanned com-
parisons also failed to show strain differences (brown
Figure 1. Hatchability. Results are displayed by strain and treatment
corticosterone.
vs. white: P5 0.251; genetic company 1 vs. genetic com-
pany 2: P 5 0.599) (Table 5).
Late Embryonic Mortality

Interactive effects of treatment and strain (P, 0.001)
affected embryonic mortality between 11 and 16 D of
development (Table 6). Compared with the control
treatment, both the maternal stress (P 5 0.004) and in
ovo injection (P , 0.001) treatments showed effects on
commercial strains, but with inconsistent patterns.
Brown 1 and white 1 strains showed an increased per-
centage of embryonic mortality in response to maternal
stressors compared with control treatment, whereas a
decreased response was observed in brown 2 and white
2 strains (Figure 2). Curiously, White Leghorn
responded in opposite directions for each stress model:
although maternal stress treatment decreased the
(6SE). Means with different superscripts differ (P , 0.021). CORT,



Table 4. Effects of strain and treatment and contrast analyses on
hatchability.

Strain ! treatment

Degrees of freedom c2 P-value

12 3.51 ,0.001

Contrasts

F value Pr . F

Treatment Control vs. stressors 344.50 ,0.001
Control vs. maternal stress 0.47 0.493
Control vs. in ovo injections 556.01 ,0.001
Control vs. CORT 453.12 ,0.001
Control vs. vehicle 68.63 ,0.001
Vehicle vs. CORT 236.39 ,0.001
Maternal stress vs. CORT 474.33 ,0.001

Strain White vs. brown 0.08 0.780
Genetic company 1 vs. 2 22.68 ,0.001

Abbreviation: CORT, corticosterone.

Table 5. Sex ratio (%).

Strain Treatment

Sex ratio (%)

Female Male

Brown 1 Control 54 46
Maternal stress 50 50
Vehicle 53 47
CORT 39 61

Brown 2 Control 53 47
Maternal stress 57 43
Vehicle 51 49
CORT 49 51

White 1 Control 44 56
Maternal stress 57 43
Vehicle 46 54
CORT 42 58

White 2 Control 39 61
Maternal stress 51 49
Vehicle 46 54
CORT 53 47

White Leghorn Control 50 50
Maternal stress 51 49
Vehicle 47 53
CORT 49 51

Data are displayed by strain and treatment.
Abbreviation: CORT, corticosterone.
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occurrence of late-stage embryonic mortality, in ovo in-
jection treatment increased it. No differences between
genetic companies (P 5 0.793) were observed. Further
contrast analyses determined a statistical difference be-
tween control (17.6 6 3.7%) and all other treatments
(maternal stress: 6.2 6 1.9%, P 5 0.004; vehicle:
46.7 6 3.1%, P , 0.001; CORT: 44.5 6 3.0%;
P , 0.001) and between maternal stress and CORT
(P , 0.001) treatments, but no differences between
vehicle and CORT (P 5 0.612) treatments.
Table 6. Effects of strain and treatment and contrast analyses on
late embryonic mortality.

2

Body Weight From Hatch to 17 Wk of Age

A treatment-by-strain interaction (P , 0.003) was
observed at all tested ages. As expected, comparisons
of sex (P , 0.001) and white vs. brown strains
(P , 0.001) were consistently significant throughout
the development of the offspring. Contrast analyses
determined that maternal stress treatment had no effect
on body weight (P . 0.125). However, egg injections
consistently decreased weight gain (P , 0.001), with
both CORT (P , 0.001) and vehicle (P , 0.042) treat-
ments affecting the progeny in comparison with the con-
trol treatment. Although the white 1 and brown 2
strains were consistently susceptible to CORT treat-
ment from hatch until 17 wk, White Leghorn displayed
effects of injections only at hatch (Table 7).
Strain ! treatment

Degrees of freedom c P-value

12 98.84 ,0.001

Contrasts

F value Pr . F

Treatment Control vs. stressors 1.47 0.225
Control vs. maternal stress 8.22 0.004
Control vs. in ovo injections 19.10 ,0.001
Control vs. CORT 17.30 ,0.001
Control vs. vehicle 19.21 ,0.001
Vehicle vs. CORT 0.26 0.612
Maternal stress vs. CORT 42.35 ,0.001

Strain White vs. brown 26.14 ,0.001
Genetic company 1 vs. 2 0.07 0.793

Abbreviation: CORT, corticosterone.
DISCUSSION

Effects of Stress Treatments

The primary goal of this study was to understand
how prenatal stress affects different genetic lines of
layers. As displayed on hatchability, late embryonic
mortality, and body weight, stressors seem to interact
with the genotype to affect the progeny of laying
hens. However, the results of this study must be inter-
preted with caution because they are accompanied by
several factors.
First, virtually no effects of maternal stress treatment
were found on the progeny in contrast to the CORT
treatment. This could be because the stress sessions
did not induce a similar magnitude of corticosterone
deposition as occurred in CORT treatment or because
both the hen and embryo possess the capacity to regu-
late maternally derived corticosterone. As previously re-
ported (Vassallo et al., 2014, 2019; Carter et al., 2018),
embryos can modulate their developmental
environment through rapid metabolization of free
corticosterone in the egg. In addition, the catalytic
activity of enzymes such as 11b-hydroxysteroid
dehydrogenase located in the ovary follicles of hens can
reduce the concentration of corticosterone in the yolk
(Rettenbacher et al., 2013b). Together, these mecha-
nisms act as metabolic buffering agents, regulating the
progeny’s exposure to corticosterone. Previous studies



Figure 2. Late embryonic mortality. Results are displayed by strain and treatment (6SE). Means with different superscripts differ (P , 0.026).
CORT, corticosterone.
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have successfully demonstrated the effects of maternal
exposure to stressors (Pappas et al., 2006; Goerlich
et al., 2012). However, these studies used stressors that
activated different physiological and metabolic
Table 7. Body weight (g).

Age Strain Control Mate

Hatch Brown 1 41.57 6 0.6a 40.3
Brown 2 39.98 6 0.5a,b 40.2
White 1 39.40 6 0.5a 38.9
White 2 41.10 6 0.5a 40.8
White Leghorn 38.76 6 0.5a,b 39.6

2 wk Brown 1 166.90 6 1.5a 165.8
Brown 2 159.53 6 1.5a,b 162.3
White 1 157.20 6 1.4a 155.6
White 2 165.67 6 1.5a 160.9
White Leghorn 142.61 6 1.4a 142.4

4 wk Brown 1 362.96 6 4.3a 363.7
Brown 2 351.42 6 4.1a 356.2
White 1 345.00 6 4.0a 350.3
White 2 357.01 6 4.2a 355.4
White Leghorn 321.96 6 3.9a 324.2

8 wk Brown 1 895.89 6 38.2a 874.7
Brown 2 872.40 6 37.2a,b 883.4
White 1 813.36 6 34.6a 800.5
White 2 815.07 6 34.7a 805.7
White Leghorn 745.88 6 31.9a 751.0

11 wk Brown 1 1,415.97 6 48.7a 1,379.6
Brown 2 1,408.03 6 48.5a,b 1,437.0
White 1 1,201.60 6 41.3a 1,191.7
White 2 1,196.23 6 41.1a 1,197.3
White Leghorn 1,130.63 6 38.9a 1,145.4

13 wk Brown 1 1,534.42 6 17.1a 1,481.3
Brown 2 1,538.72 6 17.3a,b 1,566.1
White 1 1,275.91 6 14.1a 1,254.4
White 2 1,274.26 6 14.0a 1,280.4
White Leghorn 1,204.29 6 13.6a 1,222.4

15 wk Brown 1 1,740.36 6 18.0a 1,700.4
Brown 2 1,782.20 6 18.5a 1,790.3
White 1 1,433.72 6 14.7a 1,428.3
White 2 1,419.49 6 14.5a 1,432.1
White Leghorn 1,371.20 6 14.2a 1,389.4

17 wk Brown 1 1,844.09 6 37.9a 1,784.3
Brown 2 1,887.71 6 38.9a 1,907.2
White 1 1,513.25 6 31.0a 1,505.3
White 2 1,481.70 6 30.5a 1,459.5
White Leghorn 1,462.08 6 30.1a 1,448.0

Averages (6SE) are displayed by offspring age, strain, an
the age-group and strain differ (P , 0.012).

Abbreviation: CORT, corticosterone.
pathways, such as maternal undernutrition, temporary
feed restriction, or temperature stress. Here, we report
that psychological stressors did not impair either
embryonic survival or offspring growth.
rnal stress Vehicle CORT

8 6 0.5a 40.82 6 0.6a 40.08 6 0.6a

7 6 0.5a 38.77 6 0.6b 38.10 6 0.7b

7 6 0.5a 38.59 6 0.6a,b 36.96 6 0.5b

0 6 0.5a 39.66 6 0.5a 39.40 6 0.6a

6 6 0.6a 37.20 6 0.6b,c 36.28 6 0.7c

6 6 1.5a 165.24 6 1.6a 157.82 6 1.8b

9 6 1.5a 153.85 6 1.6b 142.51 6 2.1c

2 6 1.5a 152.91 6 1.6a 142.93 6 1.5b

7 6 1.5a 164.39 6 1.6a 150.85 6 1.9b

2 6 1.4a 140.47 6 1.7a 139.51 6 2.2a

4 6 4.2a 361.85 6 4.4a 357.37 6 4.8a

2 6 4.2a 351.51 6 4.5a 328.39 6 5.1b

1 6 4.2a 344.82 6 4.4a 328.69 6 4.2b

6 6 4.2a 350.97 6 4.2a 333.99 6 4.6b

6 6 3.9a 311.50 6 4.2a 310.36 6 5.0a

0 6 37.2a 882.62 6 37.7a 872.48 6 37.5a

7 6 37.6a 850.41 6 36.5c,b 819.84 6 35.8c

1 6 34.1a 809.19 6 34.8a 767.77 6 32.9b

9 6 34.3a 793.14 6 33.8a,b 763.61 6 32.9b

2 6 32.1a 737.44 6 31.7a 747.28 6 32.8a

6 6 47.4a 1,398.02 6 48.2a 1,361.49 6 47.3a

3 6 49.3a 1,374.03 6 47.6b 1,307.22 6 46.5c

1 6 41.0a 1,201.41 6 41.9a 1,136.68 6 39.3b

4 6 41.2a 1,183.77 6 40.7a 1,163.80 6 40.7a

4 6 39.5a 1,112.71 6 38.7a 1,111.58 6 39.8a

0 6 16.2a,b 1,479.20 6 17.1a,b 1,466.59 6 18.0b

3 6 17.2a 1,489.08 6 17.8b 1,418.28 6 20.7b

0 6 14.1a,b 1,274.47 6 16.1a 1,207.9 6 14.1b

2 6 14.2a 1,264.32 6 14.2a,b 1,217.79 6 15.9b

3 6 13.9a 1,197.56 6 14.8a 1,186.17 6 18.2a

3 6 17.3a,b 1,715.57 6 18.2a,b 1,654.2 6 18.9b

9 6 18.3a 1,700.66 6 19.0b 1,619.16 6 22.1c

8 6 14.8a 1,412.63 6 16.5a 1,339.57 6 14.5b

0 6 14.7a 1,403.45 6 14.6a,b 1,355.07 6 16.6b

3 6 14.5a 1,341.88 6 15.5a 1,348.31 6 19.5a

5 6 36.5a,b 1,798.07 6 37.3a,b 1,747.67 6 37.4b

3 6 39.0a 1,781.31 6 37.9b 1,701.68 6 39.5b

8 6 31.0a 1,492.29 6 32.2a 1,372.59 6 28.7b

0 6 29.9a 1,470.59 6 30.4a 1,419.39 6 31.2a

1 6 29.9a 1,430.44 6 30.8a 1,412.93 6 33.9a

d stress model. Means with different superscripts within
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A second note of caution is that the actual concentra-
tion of corticosterone transferred from the mother to egg
remains largely unknown (Rettenbacher et al., 2009,
2013a; Almasi et al., 2012) and may differ across
strains (Navarra and Pinson, 2010). This caveat may
have significant impact on our study because the effects
observed in the CORT treatment might be due to hor-
mone manipulation outside of the physiological range
of eggs for different strains of breeder hens. The injected
concentration of corticosterone may also have over-
whelmed the capacity of the embryo to inactivate corti-
costerone, consequently impacting phenotypical traits
important to fitness such as hatchability and body
weight. Mechanical damage can also result from breach-
ing the egg because puncturing and disrupting eggshell
membranes can increase embryonic mortality (Heiblum
et al., 2001). Furthermore, we observed that hatch-
ability and body weight were affected by the vehicle
treatment. Sesame oil contains 43% of polyunsaturated
fatty acids (Fukuda et al., 1986), which have been re-
ported to affect growth, feeding behavior, and fearful-
ness in poultry (Aigueperse et al., 2013; Ba�eza et al.,
2017).
The relatively high mortality observed in this study

compared with some others in the literature (Janczak
et al., 2007a; Haussmann et al., 2012) may be related
to differences in breeder flock age because hatchability
decreases as hens age (Lap~ao et al., 1999). We found
that all strains showed a progressive increase in embry-
onic mortality as the breeder flocks aged, but the mor-
tality rates from younger breeders (at 25 or 32 wk of
age) were much more similar to values previously re-
ported (Janczak et al., 2007a,b). Unfortunately, the
majority of these studies did not report the age of the
breeder flocks, and therefore, any association between
breeder flock’s age and susceptibility to prenatal stress
remains strictly speculative. Finally, similar to the
studies by Aslam et al. (2014) and Pinson et al.
(2015), the present study failed to show a treatment ef-
fect on sex ratio.
Effects of Genetics

Although a vast body of literature has already
investigated the long-term effects of prenatal cortico-
sterone on embryonic survival and offspring growth,
not many studies have considered the effects of ge-
netics as a predisposing factor on this matter. The
present study observed significant differences across
genetic lines in hatchability, late embryonic mortality,
and body weight of the progeny, regardless of stress
treatment. White Leghorn displayed the lowest hatch-
ability level in both control and injected treatments
and was also the least affected strain in body weight,
suggesting that the highest vulnerability to injections
resulted in a more robust progeny. Interestingly,
White Leghorn in the control group showed lower
hatchability than that in the maternal stress treat-
ment for the same strain. An inconsistent genetic se-
lection program may help explain this finding as the
White Leghorn flock used in this study belongs to
the University of Guelph and consequently does not
follow a strict genetic selection program. Moreover,
because eggs used in CORT and vehicle treatment
were a subsample of the control group, an additive
correlation between hatchability of injection and con-
trol treatment is naturally expected.

The brown 2 line was the most affected strain in both
prehatch and posthatch development, displaying the
lowest hatchability and the most persistent effects of in-
jections on body weight. In addition, maternal stress and
CORT treatments decreased late embryonic mortality of
the brown 2 line, suggesting that embryos died more
frequently within the first 10 D of development, which
is when the embryonic metabolism of free corticosterone
starts (Vassallo et al., 2014, 2019). Oppositely, the
brown 1 and white 1 lines from genetic company 1
showed the best hatchability and had late embryonic
mortality, increased by both CORT and maternal
stress treatments, suggesting that genetic selection
strategies by genetic companies in conjunction with
specific management and nutritional recommendations
may potentially play a critical role in embryonic
response to prenatal stress.

As expected, white strains showed a marked differ-
ence in body weight compared with brown strains.
This may be explained by phylogenetic differences be-
tween brown and white birds. Brown commercial lines
originate from the Rhode Island Red, an originally
dual-purpose breed with medium genetic diversity
(Lyimo et al., 2014), whereas white commercial lines
are derived from the White Leghorn breed, which has
low genetic diversity (Lyimo et al., 2014). Moreover,
the process of domestication resulted in phenotypical
and genetic differences between the White Leghorn
and red jungle fowl (Kerje et al., 2003), and genetic se-
lection from pure into commercial lines may have acted
similarly, resulting in phenotypical differences pro-
duced by genetic changes. Although the actual concen-
tration of corticosterone in the egg of chickens remains
unknown (Rettenbacher et al., 2013a), studies have
shown that they might differ between white and brown
strains (Navara and Pinson, 2010). If so, the dosage
provided in the CORT treatment might have exceeded
the physiological range of corticosterone in the eggs of
some strains while remaining in the physiological range
of others, therefore explaining the strain differences
observed in this study.
CONCLUSION

The present study successfully demonstrated that
prenatal stress affects embryonic survival and growth
of the offspring and that these effects are highly depen-
dent on the stress model and genotype of layer
breeders. As hypothesized, CORT treatment consis-
tently impaired all analyzed traits, whereas maternal
stress treatment only displayed effects on early embry-
onic mortality. This difference in treatments may be
because maternal stress treatment was less effective
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in increasing corticosterone concentration in the egg
than CORT treatment. In addition, mechanical
disruption of the shell followed by injection may have
contributed to impairment of the progeny. Among all
strains, the brown 2 line was consistently the most
affected in both prehatch and posthatch development.
Oppositely, the pure line White Leghorn displayed the
highest posthatch resiliency. Phylogenetic differences
and genetic selection for productive traits might help
explain these differences; however, some of these find-
ings may be an artifact of the pharmacological model
because the physiological range of egg corticosterone
may differ across strains. Overall, the results show
that embryonic survival and offspring growth are
mostly affected by in ovo injections and that some ge-
notypes might be more susceptible to prenatal stress
than others.
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