Effects of breeder age, broiler strain, and eggshell temperature on
development and physiological status of embryos and hatchlings

A. Nangsuay,! R. Meijerhof,’ I. van den Anker,* M. J. W. Heetkamp,* V. De Souza Morita,
B. Kemp,* and H. van den Brand*

*Adaptation Physiology Group, Department of Animal Science, Wageningen University, PO Box 338, 6700 AH,
Wageningen, the Netherlands; T Poultry Performance Plus, Kleine Enkweqg 1, 7383 DB Voorst, The Netherlands;
and *Department of Animal Morphology and Physiology, Faculty of Agricultural and Veterinary Sciences, Sdo
Paulo State University, UNESP, Brazil

ABSTRACT Breeder age and broiler strain can in-
fluence the availability of nutrients and oxygen, partic-
ularly through differences in yolk size and shell con-
ductance. We hypothesized that these egg character-
istics might affect embryonic responses to changes in
eggshell temperature (EST). This study aimed to in-
vestigate the effect of breeder age, broiler strain, and
EST on development and physiological status of em-
bryos. A study was designed as a 2 x 2 x 2 facto-
rial arrangement using 4 batches of 1,116 hatching eggs
of 2 flock ages at 29 to 30 wk (young) and 54 to 55
wk (old) of Ross 308 and Cobb 500. EST of 37.8 (nor-
mal) or 38.9°C (high) was applied from incubation d
7 (E7) until hatching. The results showed that breeder
age rather than broiler strain had an influence on yolk
size (P = 0.043). The shell conductance was higher in
Ross 308 than in Cobb 500 (P < 0.001). A high EST
resulted in a higher yolk free body mass (YFBM) com-

pared to the normal EST at E14 and E16, but at 3 h
after hatch YFBM was lower when eggs were incubated
at high EST compared to normal EST (all P < 0.001).
Cobb 500 eggs yielded embryos with a lower YFBM at
E14, E18, and 3 h after hatch (all P < 0.05) than Ross
308 eggs. Breeder age had no effect on YFBM, but the
RSY weight was higher in embryos from the old flock
compared to the young flock embryos at E14 and
E16 (both P < 0.05). A 3-way interaction among
breeder age, strain, and EST was found, especially
for incubation duration, navel quality, and relative
heart and stomach weights at 3 h after hatch (all
P < 0.05). Based on the results obtained, we con-
clude that oxygen availability rather than nutrient
availability determines embryonic development, and
the egg characteristics affected embryonic responses to
changes of EST, especially for variables related to chick
quality.
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INTRODUCTION

During incubation, energy for embryonic develop-
ment and growth is derived exclusively from egg nutri-
ents. To metabolize nutrients, embryos uptake oxygen
and use it in the biochemical process for energy produc-
tion. The availability of both egg nutrients and oxygen
therefore plays a crucial role in energy production for
embryonic development and growth. From the start of
incubation until incubation day 18 (E18), chicken em-
bryos act poikilothermic, which means that their nutri-
ent metabolism and thus embryonic growth during this
period can be influenced by temperature (Tazawa et al.
(1988). Studies in recent year have shown the impor-
tance of eggshell temperature (EST) and a constant
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EST of 37.8°C has been reported to be optimal for em-
bryonic development and hatching success (Lourens et
al., 2005; Lourens et al., 2007; Molenaar et al., 2010;
2011). An EST of 38.9°C from d 8 to d 19 of incu-
bation (E8 to E19) initially increased embryonic de-
velopment until the second wk of incubation, which
was reflected in a high heat production (Lourens et
al., 2007). However, at the last stage of incubation, a
high EST had a negative impact on embryonic devel-
opment. At the same stage of incubation, an increase
of the oxygen level (25%) resulted in improved em-
bryonic development (Lourens et al., 2007; Molenaar
et al., 2010; 2011). These studies of EST and oxygen
levels indicate that embryos, which initially have been
accelerated in growth rate by a high EST, might at
the end of incubation be unable to maintain nutrient
metabolism at the level required to have a sufficient
energy supply for development and growth. In other
words, they might encounter an imbalance between re-
quirements and availability of nutrients and oxygen and
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subsequently decreased nutrient metabolism and em-
bryonic development.

Although egg nutrients are deposited in both the al-
bumen and yolk, yolk nutrients function as the main
nutritional supply providing approximately 90% of the
total energy requirement (Romanoff, 1967; Noble and
Cocchi, 1990). An alteration of yolk size is influenced
mainly by breeder age (O’Sullivan et al., 1991; Hamidu
et al., 2007; Nangsuay et al., 2011) and the amount of
energy in the egg increases with yolk size (Nangsuay
et al., 2013). Differences in broiler strains also have an
influence on yolk size and consequently on the nutrient
availability (Nangsuay et al., 2015). Yolk size does not
only have an influence on the amount of yolk nutrients,
but also on the capacity of the embryos to uptake yolk
nutrients (Yadgary et al., 2013). Additionally, studies
also have demonstrated that eggs from different breeder
ages (O’Dea et al., 2004) and broiler strains (Nangsuay
et al., 2015) tend to differ in eggshell conductance. As
respiration gas exchanges occur across the eggshell, dif-
ferences in eggshell conductance might affect the oxy-
gen availability for the embryo, thereby affecting em-
bryonic development and growth (Ar and Rahn, 1985).
This means that hatching eggs originating from dif-
ferent breeder ages and strains could differ in oxygen
and nutrient availability and this could affect nutrient
metabolism and embryonic development during incu-
bation. By integrating the available information from
previous studies regarding the effects of EST and oxy-
gen levels, it can be hypothesized that embryos from
different breeder ages and broiler strains that differ in
nutrient and oxygen availability, would react differently
to an increase of EST. More specificly, it can be hy-
pothesized that embryos from eggs with more nutrient
availability and high eggshell conductance would cope
better with an increased EST. Therefore, the objective
of this study was to determine effects of breeder age,
broiler strains, and EST on development and physio-
logical status of embryos and hatchlings.

MATERIALS AND METHODS

Experimental Design

The experiment was designed as a 2 x 2 x 2 factorial
arrangement with 2 breeder ages (young and old), 2
broiler strains (Ross 308 and Cobb 500), and 2 EST
(37.8 and 38.9°C). In all treatments, EST was applied
from E7 until the eggs were transferred to the hatching
baskets (E18). Thereafter the machine temperature was
fixed corresponding to an EST of 37.8 or 38.9°C. The
experiment was performed in 4 consecutive batches and
each treatment was repeated twice. Within each batch,
eggs were obtained from the same breeder age of both
strains and the eggs of each strain were incubated at
2 EST levels. The experimental protocol was approved
by the Institutional Animal Care and Use Committee
of Wageningen University, the Netherlands.
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Hatching Eggs and Egg Storage

Four batches of 1,116 good quality hatching eggs of
2 flock ages at 29 to 30 wk (young; Y) and 54 to
55 wk (old; O) of Ross 308 (R) and Cobb 500 fast
feathering (C) were obtained from commercial broiler
breeder farms. The broiler breeders of all flocks received
commercially available diets. The diets for each group
were as follows; YC = 14.9% CP, 5.2% crude fat, 2,775
kcal/kg ME, and 1.9% linoleic acid; YR = 14.7% CP,
4.8% crude fat, 2,813 kcal/kg ME, and 1.8% linoleic
acid; OC = 14.6% CP, 4.8% crude fat, 2,772 kcal/kg
ME, and 1.8% linoleic acid; OR = 14.2% CP, 5.3%
crude fat, 2,767 kcal/kg ME, and 2.0% linoleic acid.
Within each batch, eggs of both strains were obtained
from the same breeder age. To assess normal average
and variation of egg weight of each breeder flock, 150
eggs of each flock were weighed individually during the
egg collection day. The average egg weight and standard
variation of each strain at a given age were as follows:
YR =56.35 +3.77g, OR =68.75 + 5.16 g, YC = 57.41
+4.10 g, and OC = 70.84 £ 5.52 g. Thereafter, for each
batch, a total of 1,116 eggs (558 eggs of each strain)
were selected at an egg weight range between 60 and
63 g. Per batch, 30 eggs of each strain and breeder age
were used to determine egg composition. The remain-
ing eggs of each strain were placed on 6 setter trays (88
eggs per tray) and were stored at 20°C and 55 to 60%
relative humidity for 2 to 3 d.

Incubation

Incubation EO to E7: Prior to the start of incubation,
average egg weight of each tray was determined. All 12
setter trays (6 trays of each strain) of the 2 different
strains were alternately placed in the same setter with
a maximum setting capacity of 1,408 eggs (Hatchtech
B.V., Veenendaal, the Netherlands). From E0 to E7,
EST was maintained at 37.8°C and the relative humid-
ity at 55 to 60%. The EST was measured by 4 sensors
(NTC Thermistors: type DC 95; Thermometrics, Som-
erset, UK). The sensors were attached to 4 individual
eggs, 2 eggs of each strain. The EST sensors were at-
tached with a small piece of tape (Tesa BV, Almere,
The Netherlands) in heat conducting paste (Schaffner
Holding AG, Luterbach, Switzerland) to the eggshell
at the equator of the egg. At E7, all eggs were candled
and infertile and cracked eggs were removed from the
trays. Thereafter weights of the fertile eggs plus tray
and weight of the empty tray were measured. The aver-
age egg weight of the fertile eggs of each tray was used
to calculate egg weight loss at E7—average egg weight
of each tray at EO minus the average egg weight of the
fertile eggs of each tray at day E7. This egg weight
loss was used in later calculations to determine eggshell
conductance.

Incubation E7 to E18: After candling at E7, eggs of
each strain were divided into a control and a treat-
ment group and were incubated separately in one of 4
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open-circuit climate respiration chambers (CRC). The
CRC consisted of 2 CRC with a size of 267 L (small;
Lourens et al., 2006) and 2 CRC with a size of 1,800
L (large; Verstegen and Henken, 1987). Each treatment
was repeated twice, one replicate in a small CRC and
the other replicate in a large CRC. Due to difference
in CRC volume, approximately 70% of the eggs of each
strain within each batch were incubated in the large
CRC and the remaining eggs were incubated in the
small CRC. All 4 CRC were equipped with the same
system for egg turning, ventilation, temperature, and
humidity control as described by Lourens et al. (2006).
Each CRC has one Vaisala HM'T330 series combi sensor
(Vaisala Company, Vantaa, Finland) to measure ma-
chine temperature and relative humidity. The EST was
measured by 5 sensors (Pt-100, Sensor Data BV, Ri-
jswijk, The Netherlands) per CRC, which were attached
to 5 individual fertile eggs in each CRC. The EST sen-
sors were attached with tape as explained above. Be-
tween E7 to E18, EST of the control group was main-
tained at 37.8°C and at 38.9°C for the treatment group.
The relative humidity was maintained at 55 to 60% for
both the control and treatment groups. During incuba-
tion, EST from the 5 individual fertile eggs was mea-
sured continuously and the machine temperature was
adjusted automatically every 5 min if the median EST
differed from the target EST.

At E18, all eggs were candled and thereafter fertile
eggs were transferred to hatching baskets. The machine
temperature set point was set at a constant value that
corresponded to an EST just before transfer of 37.8°C
for the control group and 38.9°C for the treatment
group. For the remaining time until hatching, machine
temperature was fixed and EST was allowed to change.

Fresh Egg Composition

Fresh egg composition was measured to investigate
nutrient availability in the eggs. In each batch, 30 eggs
of each strain were boiled for 10 min and thereafter
albumen and yolk were separated and weighed. The
eggshell, excluding shell membranes, was dried for 24 h
at room temperature and weighed. Albumen and yolk
were stored at —20°C for further analyses.

Eggshell Conductance

Eggshell conductance influences diffusion rate of Oq
across the eggshell and thus oxygen availability for
embryos. The eggshell conductance was calculated by
using egg weight loss of fertile eggs between EO and
E7. Because the egg weight loss is a function of time,
eggshell conductance and the water vapor pressure
deficit (APp2o) across the egg shell, Meijerhof and van
Beek (1993) demonstrated the eggshell conductance can
be calculated by determination of egg weight loss un-
der known APpys0. The water vapor pressure (Pyao)
is a function of temperature and relative humidity. To
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determine P0, the average temperature and relative
humidity between EO and E7 was determined. The cal-
culation for eggshell conductance was made as follows;
egg weight loss / APps0; where egg weight loss (mg/h)
= egg weight loss of fertile eggs at E7/ (7 x 24) and
APpso (kPa) = average vapor pressure deficit between
EO0 to E7. To calculate APpoo, water vapor pressure
inside the eggs was determined as the saturation vapor
pressure at 37.8°C and 100% relative humidity. The wa-
ter vapor pressure outside of the eggs was calculated
based on average temperature (°C) and humidity (%)
of the machine between EO to E7.

Embryonic Development

To investigate an influence of breeder age, broiler
strain, and EST on embryonic development, the mea-
surements were made during incubation. At E7, 15 fer-
tile eggs of each strain from each batch were randomly
sampled. The eggs were opened and the embryo yolk
free body was separated, dipped on tissue paper to dry,
and weighed to obtain yolk free body mass (YFBM).
At E14, 30 eggs, and at E16, 15 eggs per treatment per
batch were sampled. The eggs were opened and em-
bryo YFBM and residual yolk (RSY) were separated
and weighed. At E18, 22 to 25 fertile eggs of each treat-
ment per batch were randomly sampled. Blood samples
were withdrawn from the jugular vein of the embryos
and thereafter embryo YFBM was determined. After
decapitation, the liver was removed, weighed, and im-
mediately stored in liquid nitrogen. The RSY and heart
were removed and weighed. The YFBM of embryos at
E18 was stored at —20°C for further analyses.

All other eggs that were transferred to hatching bas-
kets were checked every 3 h for the hatching moment
(chicks completely emerged from the eggshell) starting
at 463 h after the start of incubation. The incubation
duration was defined as the time between start of in-
cubation and the hatching moment. At 3 h after hatch,
chicks were taken out of the chambers and then cloa-
cal temperature was immediately measured by using an
infrared ThermoScan 4520 ExacTemp (Braun GmbH,
Kronberg, Germany). The navel quality was assessed as
1 = good (nothing left outside the navel), 2 = moderate
(a little black string or little black button smaller than
2 mm left outside the navel) or 3 = poor (a black but-
ton exceeding 2 mm left outside the navel). Thereafter,
chick weight was measured and blood was collected af-
ter decapitation (0.5 to one mL). Chicks were opened
and the liver was removed, weighed, and immediately
stored in liquid nitrogen. The RSY and heart were re-
moved and weighed. Chick YFBM was determined as
chick weight minus RSY weight. Chick YFBM and RSY
were stored at —20°C for further analyses. The stom-
ach and intestines of the embryos at E18 and chicks
at 3 h after hatch were weighed after defrosting the
YFBM at room temperature for 24 h. All organ weights
are expressed as percentage of YFBM. Hatch of fertile
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was calculated as (number of hatched chick/number of
fertile eggs that were transferred to hatching basket) x
100.

Plasma Metabolite and Hepatic Glycogen
Determination

Plasma metabolite and hepatic glycogen are indi-
cations for physiological status of the embryos, which
might be different due to variation of nutrients and oxy-
gen availability. At E18, the sampled fertile eggs were
opened and blood was withdrawn from the jugular vein
using a 30-gauge needle and 1-mL syringe, flushed with
10% heparin. Blood was collected for approximately 0.3
to 0.5 mL per embryo in a 1.5 mL Eppendorfs contain-
ing 0.01 mL of 10% heparin. Blood was centrifuged at
12,000 g for one min at room temperature and plasma
was stored at —20°C for further analyses. At 3 h after
hatch, chicks were decapitated and blood was collected
in a 4-mL blood tube containing 10 mg of sodium flu-
oride and 8 mg of potassium oxalate (BD Vacutainer,
Franklin Lakes, NJ). An extra 0.02 mL of 10% hep-
arin was added and mixed into the tube before sam-
pling. Blood was centrifuged at 2,000 x g for 10 min
at room temperature and plasma was stored at —20°C
until further analyses. Plasma glucose, lactate, and uric
acid concentrations of embryos at E18 and at 3 h after
hatch were determined with commercially available en-
zymatic photometric kits (DiaSys Diagnostic Systems
International, Holzheim, Germany).

Livers of embryos at E18 and chicks at 3 h after
hatch were stored at —80°C until further analysis. The
hepatic glycogen determination was performed as de-
scribed by Molenaar et al. (2010). All procedures for
hepatic glycogen determination were carried out on ice.
The whole liver was homogenized with a glass stirring
spoon after the addition of one uL of 7% HCLO,/mg
of wet tissue. The suspension was centrifuged (2,900 x
g) at 4°C for 15 min. The supernatant was decanted,
cleaned with one mL petroleum ether, and frozen at
—80°C until further analysis. The supernatant was de-
frosted, centrifuged, and decanted again. Hepatic glyco-
gen was determined by the iodine binding assay using
an iodine (Io-KI) solution containing saturated CaCl2
and the absorbance was measured by using microtitre
plate reader at 450 nm. (Dreiling et al., 1987). Hep-
atic bovine glycogen (Type IX, Sigma-Aldrich Chemie
GmbH, Steinheim,Germany) was used as a standard.

Statistical Analyses

The setter tray was used as the experimental unit
for egg weight loss and eggshell conductance at E7. For
other variables, egg and chick were used as the exper-
imental unit in the statistical analyses. Distributions
of means and residuals were examined to verify model
assumptions. Lactate and uric acid at E18 were trans-
formed to logl0 and uric acid at 3 h after hatch was
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transformed to square-root data to obtain normal dis-
tribution. All data, except navel quality and hatch of
fertile were analyzed using PROC MIXED in the sta-
tistical software package SAS 9.3 (SAS Institute Inc.
2002-2010, Cary, NC,). The model used for the statis-
tical analyses of fresh egg composition, egg weight loss
at E7, and eggshell conductance was

Yi =+ Ai + Bj + ABjj + C(Aj) + e (1)

where Yij was the dependent variable, u was the overall
mean, A; was the breeder age (i = young or old), Bj was
the strain (j = Cobb 500 or Ross 308), AB;; was the in-
teraction between breeder age and strain, C(A;) was the
breeder age nested within 4 batches and this term was
used as an random effect, and ej. was the error term.
Variables measured after E7, when the EST treatment
was applied, were analyzed using PROC MIXED in the
statistical software package SAS 9.3 (SAS Institute Inc.
2002-2010, Cary, NC) using model [1] extended with
the EST (Dj; 1 = 37.8 or 38.9) and interactions of the
other factors with EST (model 2). Type of climate res-
piration chambers (CRC; small and large) was initially
included in model [2], but statistic results showed no in-
fluence of CRC on results obtained and thereafter this
factor was excluded from the analysis. The navel qual-
ity scores were converted to a binary variable, where
score 1 and score 2 were converted to 0 and score 3 was
converted to 1. The statistical analyses for navel qual-
ity and hatch of fertile were performed using PROC
GLIMMIX in the statistical software package SAS 9.3
(SAS Institute Inc. 2002-2010, Cary, NC) using model
2. Least square means were compared using Bonferroni
adjustments for multiple comparisons. Values are ex-
pressed as LS means. For lactate and uric at E18 and
uric acid at 3 h after hatch, LS means of original data
are presented, combined with P-values of the transform
data. In all cases, a difference was considered significant
at P < 0.05.

RESULTS

Fresh Egg Composition, Egg Weight Loss,
and Eggshell Conductance

A 2-way interaction between breeder age and strain
was found for yolk weight (P = 0.043; Table 1). Yolk
weight was higher in eggs of old breeder flocks than
that of young breeder flocks in both strains, but the
difference in Cobb 500 was smaller than in Ross 308
(3.20 and 3.81 g, respectively).

Although we selected on egg weight range, egg weight
was higher in eggs from old breeder flocks than from
young breeder flocks (A = 0.5 g; P = 0.048). Egg
weight of Cobb 500 and Ross 308 did not differ. Al-
bumen weight was lower in eggs of old breeder flocks
than that of young breeder flocks (A = 2.95 g; P =
0.003), but did not differ between strains. Shell weight
did not differ between breeder ages and strains. The
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Table 1. Fresh egg, yolk, albumen, and shell weights (g), ratio of yolk to albumen, egg weight loss at incubation day (E) 7
(%), and eggshell conductance (mg/h/kPa) of Cobb 500 (C) and Ross 308 (R) eggs from young (Y; 29 to 30 wk) and old

(O; 54 to 55 wk) flock (LSmeans).!

Effect Egg, g Yolk,g  Albumen, g  Shell, g  Yolk: Albumen  Egg weight loss, %> Eggshell conductance,
mg/h/kPa’
Breeder age x strain
YC 61.02 17.13" 38.39 5.50 0.45 3.05 4.04
YR 61.19 16.89" 38.61 5.68 0.44 3.26 4.31
O0C 61.56 20.33* 35.69 5.55 0.57 3.30 441
OR 61.64 20.70* 35.42 5.53 0.59 3.41 4.55
SEM 0.11 0.15 0.17 0.06 0.01 0.11 0.15
Breeder age (wk)
Y 61.10°  17.01 38.50" 5.59 0.44" 3.16 4.18
O 61.60° 20.51 35.55 5.54 0.58* 3.36 4.48
SEM 0.08 0.10 0.12 0.05 0.004 0.11 0.15
Strain
C 61.29 18.73 37.04 5.52 0.51 3.18" 4.22
R 61.41 18.79 37.02 5.60 0.51 3.33* 4.43*
SEM 0.08 0.10 0.13 0.04 0.004 0.08 0.11
Source of variation P-values
Breeder age x strain 0.724 0.043 0.152 0.079 0.071 0.141 0.137
Breeder age 0.048 0.002 0.003 0.508 0.002 0.329 0.287
Strain 0.273 0.639 0.887 0.164 0.697 <.0001 <.0001

In = 60 for treatment combination of breeder age x strain.
2n = 12 for treatment combination of breeder age x strain.

4PL,Smeans lacking a common superscript within a column and factor differ (P < 0.05).

ratio of yolk to albumen was higher in eggs of old
breeder flocks than that of young breeder flocks (A =
0.14; P = 0.002), whereas the ratio of yolk to albumen
did not differ between strains. At E7, egg weight loss
(A = 0.15%; P < 0.001) and eggshell conductance (A
= 0.21 mg/h/kPa; P < 0.001) were higher in Ross 308
than in Cobb 500, but did not differ between breeder
ages.

Yolk Free Body Mass (YFBM), Residual Yolk
(RSY), Hatch of Fertile Egg (HOF),
Incubation Duration, and Navel Quality

YFBM of embryos at E7, E14, E16, E18, and at 3 h
after hatch and chick weight at 3 h after hatch did not
differ between breeder ages (Table 2). YFBM of em-
bryos at E7 and E16 did not differ between strains, but
at E14 (A = 0.19 g; P < 0.026), E18 (A = 0.59 g;
P = 0.005) and at 3 h after hatch (A = 0.59 g; P <
0.001) YFBM was higher in Ross 308 embryos than in
Cobb 500 embryos. At E14 (A =1.11 g; P < 0.001) and
E16 (A = 0.94 g; P < 0.001) the YFBM was higher in
embryos at EST of 38.9° than at 37.8°C, but at 3 h after
hatch the YFBM was lower (A = 0.83 g; P < 0.001) in
embryos at EST of 38.9 than 37.8°C. Chick weight at
3 h after hatch did not differ between strains and EST.

A 2-way interaction between breeder age and strain
was found for RSY weight at 3 h after hatch (P = 0.048;
Table 3). The RSY weight was lower in both young and
old flocks of Ross 308 chicks than in Cobb 500 chicks,
but this difference was more pronounced in the young
flocks (A = 0.93 g) than in the old flocks (A = 0.48 g).

AtEl4 (A =3.59 g; P=0.002) and E16 (A = 3.25 g;
P = 0.028) the RSY weight was higher in old flock

embryos than in young flock embryos, but these effects
disappeared at E18 and at 3 h after hatch (Table 3). At
E14, E16, and at 3 h after hatch the RSY weight did not
differ between strains, but at E18 the RSY weight was
higher (A = 0.46 g; P = 0.021) in Cobb 500 embryos
than in Ross 308 embryos. At E14, E16, and E18, RSY
weight did not differ between EST, but at 3 h after
hatch, the RSY weight was 0.97 g higher in embryos
incubated at an EST of 38.9 than 37.8°C (P < 0.001).

Percentage of hatch of fertile eggs did not differ
among breeder ages, strains, and EST (Table 3).

A 3-way interaction among breeder age, strain, and
EST was found for incubation duration (P = 0.002) and
navel quality (P = 0.009) (Table 5). In young flocks,
incubation duration in both EST was approximately 5
to 7 h shorter in Cobb 500 than in Ross 308. In old
flocks, incubation duration at an EST of 37.8°C did
not differ between strains; but at an EST of 38.9°C
Cobb 500 chicks hatched approximately 9 h earlier than
Ross 308 chicks. Navel quality expressed as percentage
of chicks with navel score 3 (poor quality) was highest
(35%) in Cobb 500 chicks at an EST at 38.9°C, whereas
the other treatment groups were not different from each
other.

Relative Organ Weights

A 3-way interaction between breeder age, strain,
and EST was found for relative weights of heart (P
= 0.001) and stomach (P = 0.011) 3 h after hatch
(Table 5). At an EST of 37.8°C, relative heart weight
did not differ between young and old flock chicks of
either strain. An EST of 38.9°C led to a lower relative
heart weight of chicks from both breeder ages and
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Table 2. Yolk free body mass (YFBM, g) at E7, E14, E16, E18, and at hatch (3 h after hatch), chick weight at 3 h after
hatch (g), and incubation duration (h) of Cobb 500 (C) and Ross 308 (R) eggs from young (Y; 29 to 30 wk) and old (O; 54
to 55 wk) flock incubated at an eggshell temperature (EST) of 37.8 or 38.9°C from E7 until hatching (LSmeans).!

YFBM, g
Effect? E7? E14 E16 E18 Hatch Chick weight, g Incubation duration, h
Breeder age x strain
Y C 0.75 12.78 20.23 28.56 37.85 45.26 492
YR 0.76 12.96 20.03 29.25 38.52 45.00 497
ocC 0.79 12.93 19.82 28.29 37.74 45.38 488
OR 0.78 13.15 20.11 28.79 38.25 45.38 493
SEM 0.01 0.23 0.17 0.30 0.13 0.14 0.93
Breeder age x EST
Y 37.8 12.34 19.61 28.77 38.71 45.17 499
Y 38.9 13.40 20.65 29.04 37.67 45.09 490
0 37.8 12.46 19.54 28.47 38.31 45.21 496
0 38.9 13.63 20.38 28.61 37.69 45.54 485
SEM 0.19 0.17 0.30 0.13 0.14 0.93
Strain x EST
C 378 12.34 19.57 28.17 38.27 45.32 496
C 38.9 13.38 20.48 28.68 37.33 45.32 483
R 37.8 12.46 19.58 29.07 38.74 45.06 499
R 38.9 13.64 20.55 28.97 38.03 45.32 491
SEM 0.17 0.17 0.26 0.13 0.13 0.78
Breeder age
Y 0.76 12.87 20.13 28.91 38.19 45.13 494
O 0.78 13.04 19.96 28.54 37.99 45.38 490
SEM 0.01 0.22 0.12 0.26 0.09 0.11 0.83
Strain
C 0.77 12.86° 20.02 28.43" 37.80" 45.32 490
R 0.77 13.05* 20.07 29.02% 38.39* 45.19 495
SEM 0.01 0.16 0.12 0.21 0.09 0.10 0.65
EST
37.8 12.40P 19.58" 28.62 38.512 45.19 498
38.9 13.51* 20.52% 28.82 37.68P 45.32 487
SEM 0.16 0.12 0.21 0.09 0.10 0.65
Source of variation P-values
Breeder age X strain 0.333 0.790 0.160 0.671 0.535 0.264 0.302
Breeder age x EST 0.542 0.574 0.776 0.110 0.077 0.112
Strain x EST 0.433 0.866 0.154 0.370 0.274 <.001
Breeder age 0.187 0.627 0.448 0.420 0.276 0.248 0.073
Strain 0.933 0.026 0.802 0.005 <.001 0.272 <.001
EST <.001 <.001 0.340 <.001 0.272 <.001

1 for each treatment combination of breeder age x strain, breeder age x EST and strain x EST at E14 = 120, E16 = 60, E18 = 88-100.

n at hatch for chick weight and incubation duration = 120 to 132.

2Significant interaction between breeder age x strain x EST was found only for incubation duration and the results are presented in

Table 5.

3n = 30 for treatment combination of breeder age x strain.

aPLSmeans lacking a common superscript within a column and factor differ (P < 0.05).

strains and this effect was more pronounced in old
Cobb 500 (A = 0.21%) than in the other breeder age
x strain combinations (A = 0.11 to 0.19%). Relative
stomach weight of all groups did not differ between
EST, but there were differences within each EST. At
an EST of 37.8°C, relative stomach weight was higher
in old Cobb 500 chicks than old Ross 308 chicks (A =
0.41%), whereas at an EST of 38.9°C, relative stomach
weight was lower in young Ross 308 chicks than young
Cobb 500 chicks (A = 0.30%).

In embryos at K18, a 2-way interaction between
breeder age and EST was found for relative weight of
liver (P = 0.012) and heart (P < 0.001) (Table 4). At
an EST of 37.8°C, relative liver weight of embryos at
E18 did not differ between breeder ages, whereas at
this moment in incubation an EST at 38.9°C led to
a lower relative liver weight only in the young flock
(A = 0.15%). At an EST of 37.8°C, relative heart

weight of embryos at E18 did not differ between breeder
ages, whereas an EST at 38.9°C led to a lower relative
heart weight in both young (A = 0.09%) and old flocks
(A = 0.18%). A 2-way interaction between strain and
EST was found for relative heart weight of embryos
at E18 (P = 0.048) and relative intestinal weight of
chicks at 3 h after hatch (P = 0.032). At an EST of
37.8°C, relative heart weight of embryos at E18 did not
differ between strains, whereas an EST at 38.9°C led
to a lower relative heart weight in both Cobb 500 (A
= 0.16%) and Ross 308 (A = 0.12%). At an EST of
37.8°C, relative intestinal weight of chicks at 3 h after
hatch did not differ, whereas at an EST of 38.9°C Ross
308 chicks had a higher relative intestinal weight than
Cobb 500 chicks (A = 0.35%).

Relative stomach weight at E18 was higher in em-
bryos from an EST of 38.9 than 37.8°C (A = 0.19%;
P = 0.002; Table 4). Relative intestinal weight at E18
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Table 3. Residual yolk (RSY) at E14, E16, E18, and at hatch (3 h after hatch, g), navel quality (% of navel score
3), and hatch of fertile eggs (HOF, %) of Cobb 500 (C) and Ross 308 (R) eggs from young (Y; 29 to 30 wk) and
old (O; 54 to 55 wk) breeder eggs incubated at an eggshell temperature (EST) of 37.8 or 38.9°C from E7 until

hatching (LSmeans).!

Effect? E14 E16 E18 Hatch Navel quality, %> HOF, %
Breeder age x strain
Y C 14.17 13.29 12.32 7.40%P 15.9 93.18
YR 13.92 13.91 11.72 6.47¢ 9.6 94.56
ocC 17.58 16.64 13.48 7.63* 19.1 95.00
OR 17.68 17.06 13.15 7.15" 6.3 96.67
SEM 0.14 0.44 0.37 0.11
Breeder age x EST
Y 37.8 14.19 13.73 11.99 6.46 7.3 94.78
Y 38.9 13.89 13.48 12.05 7.41 16.3 93.59
0O 37.8 17.69 17.09 13.48 6.90 5.2 96.67
0 38.9 17.57 16.61 13.14 7.89 20.7 95.00
SEM 0.14 0.44 0.37 0.11
Strain x EST
C 378 15.99 15.29 13.04 7.04 7.3 96.85
C 38.9 15.76 14.64 12.75 7.99 24.4 92.36
R 37.8 15.89 15.52 12.43 6.32 5.1 94.49
R 38.9 15.71 15.45 12.44 7.31 10.6 95.47
SEM 0.14 0.36 0.30 0.11
Breeder age
Y 14.04" 13.60" 12.02 6.94 12.9 93.85
O 17.63* 16.85* 13.31 7.39 12.8 95.83
SEM 0.09 0.39 0.34 0.08
Strain
C 15.87 14.96 12.89* 7.52 17.2 93.69
R 15.80 15.49 12.43° 6.81 8.2 95.17
SEM 0.09 0.31 0.26 0.08
EST
37.8 15.94 15.41 12.74 6.68" 6.3 95.67
38.9 15.73 15.04 12.60 7.65% 17.9 93.88
SEM 0.09 0.31 0.26 0.08
Source of variation P-values
Breeder age x strain 0.211 0.707 0.505 0.048 0.912 0.476
Breeder age x EST 0.548 0.678 0.308 0.883 0.810 0.920
Strain x EST 0.856 0.278 0.444 0.819 0.138 0.179
Breeder age 0.002 0.028 0.114 0.054 0.716 0.510
Strain 0.589 0.057 0.021 <.0001 0.029 0.863
EST 0.136 0.175 0.494 <.001 0.001 0.432

'n for each treatment combination of breeder age x strain, breeder age x EST and strain x EST at E14 = 120, E16 = 60,

E18 = 88 to 100. n at hatch for chick weight, navel quality, and HOF = 120 to 132.
2The values are the percentage of chicks with navel score 3 (poor).

3The values are means of percentage of hatch of fertile eggs.

4Significant interaction between breeder age x strain x EST was found only for navel quality and the results are presented in

Table 5.

#“LSmeans lacking a common superscript within a column and factor differ (P < 0.05).

was higher in embryos from an EST of 38.9 than 37.8°C
(A = 0.24%; P < 0.001). Relative stomach and intesti-
nal weights of embryos at E18 did not differ between
breeder ages and strains. Relative liver weight of chicks
at 3 h after hatch was higher at an EST of 37.8 than
at 38.9°C (A = 0.11%; P < 0.001). Breeder age and
strain had no effect on relative liver weight of chicks at
3 h after hatch. Breeder age had no effect on relative
intestinal weight of chicks at 3 h after hatch.

Total Hepatic Glycogen and Blood
Metabolites

A 3-way interaction among breeder age, strain, and
EST was found for total hepatic glycogen of embryos

at E18 (P = 0.029), plasma glucose concentration of
embryos at E18 (P = 0.005), and plasma glucose con-
centration of chicks at 3 h after hatch (P = 0.023)
(Table 8). Total hepatic glycogen at E18 was higher
in young Cobb 500 embryos at an EST of 37.8°C than
in old Ross 308 embryos at an EST of 38.9°C (A =
11.73 mg), whereas other groups were intermediate and
not different from each other. At an EST of 37.8°C,
plasma glucose concentration of embryos at E18 did
not differ between young and old flocks of either strain,
whereas an EST at 38.9°C led to a lower glucose con-
centration only in young Ross 308 embryos (A = 1.43
mmol/L). At an EST of 37.8°C, plasma glucose con-
centration of chicks at 3 h after hatch was higher in
old Cobb 500 than other groups, which were not dif-
ferent from each other. An EST at 38.9°C led to a
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Table 4. Relative weights of liver, heart, stomach, and intestines (% of YFBM) of the embryos at E18 and chicks at 3 h
after hatch of Cobb 500 (C) and Ross 308 (R) eggs from young (Y; 29 to 30 wk) and old (O; 54 to 55 wk) flock incubated
at an eggshell temperature (EST) of 37.8 or 38.9°C from E7 until hatching (LSmeans).!

Relative weight at E18, %

Relative weight at 3 h after hatch,%

Effect? Liver Heart Stomach Intestines Liver Heart Stomach Intestines
Breeder age x strain
Y C 1.94 0.60 4.18 1.69 2.19 0.81 5.60 3.63
YR 1.93 0.62 4.09 1.64 2.23 0.83 5.42 3.87
ocC 1.96 0.75 4.07 1.85 2.31 0.81 5.68 3.64
OR 1.97 0.75 4.08 1.97 2.33 0.84 5.41 3.88
SEM 0.03 0.07 0.07 0.10 0.03 0.01 0.05 0.09
Breeder age x EST
Y 37.8 2.01* 0.66%" 4.01 1.54 2.27 0.91 5.59 3.74
Y 38.9 1.86" 0.57¢ 4.25 1.80 2.16 0.74 5.43 3.77
0 37.8 1.98* 0.84* 4.00 1.79 2.37 0.91 5.61 3.77
0 38.9 1.94b 0.66"¢ 4.15 2.00 2.26 0.74 5.49 3.76
SEM 0.03 0.07 0.07 0.10 0.03 0.01 0.05 0.09
Strain x EST
C 378 2.01 0.76* 4.03 1.63 2.32 0.90 5.72 3.69P¢
C 38.9 1.90 0.60" 4.22 1.92 2.19 0.73 5.57 3.59¢
R 37.8 1.98 0.75* 3.98 1.70 2.32 0.91 5.48 3.81b
R 38.9 1.91 0.63" 4.18 1.88 2.23 0.76 5.35 3.94%
SEM 0.03 0.05 0.07 0.07 0.02 0.01 0.05 0.08
Breeder age
Y 1.97 0.61 4.13 1.67 2.21 0.82 5.51 3.75
O 1.94 0.75 4.07 1.90 2.32 0.82.82 5.55 3.76
SEM 0.02 0.07 0.06 0.09 0.02 0.01 0.03 0.09
Strain
C 1.95 0.68 4.12 1.77 2.25 0.81 5.64 3.64
R 1.95 0.69 4.08 1.79 2.28 0.83 5.41 3.88
SEM 0.02 0.05 0.05 0.07 0.02 0.01 0.03 0.07
EST
37.8 1.99 0.75 4.01° 1.66" 2.32% 0.91 5.59 3.75
38.9 1.91 0.61 4.20% 1.90* 2.21° 0.74 5.46 3.76
SEM 0.02 0.05 0.05 0.07 0.02 0.01 0.03 0.07
Source of variation P-values
Breeder age x strain 0.808 0.485 0.419 0.099 0.748 0.930 0.352 0.996
Breeder age x EST 0.012 <.001 0.407 0.546 0.887 0.763 0.679 0.724
Strain x EST 0.355 0.048 0.923 0.165 0.305 0.334 0.870 0.032
Breeder age 0.489 0.287 0.563 0.227 0.091 0.988 0.514 0.938
Strain 0.798 0.255 0.538 0.692 0.131 0.029 <.001 <.001
EST <.001 <.001 0.002 <.001 <.001 <.001 0.004 0.788

In for each treatment combination of breeder age x strain, breeder age x EST and strain x EST at E18 = 88 to 100, and at 3 h after

hatch = 120 to 132.

2Significant interaction between breeder age x strain x EST was found for relative heart and stomach weight at 3 h after hatch and the

results are presented in Table 5.

*“LSmeans lacking a common superscript within a column and factor differ (P < 0.05).

lower glucose concentration only in old Cobb 500 chicks
(A = 0.68 mmol/L).

A 2-way interaction between breeder age and strain
was found for uric acid concentration in plasma of
chicks at 3 h after hatch (P = 0.031; Table 7). Uric
acid in plasma of Cobb 500 chicks did not differ be-
tween breeder ages, whereas old Ross 308 chicks had
a lower uric acid concentration than young Ross 308
chicks (A = 0.05 mmol/L).

Total hepatic glycogen of chicks at 3 h after hatch
did not differ between breeder ages, strains, and EST
(Table 6). Lactate in plasma of embryos at E18 (A =
0.23 mmol/L; P = 0.003) and chicks at 3 h after hatch
(A = 0.31 mmol/L; P = 0.013) was higher in Cobb
500 than in Ross 308 (Table 7). Lactate in plasma of
embryos at E18 did not differ between breeder ages and
EST. Lactate in plasma of chicks at 3 h after hatch
was higher in an EST at 37.8 than 38.9°C (A = 0.36

mmol/L; P=0.004). Lactate of chicks at 3 h after hatch
did not differ between breeder ages. Uric acid in plasma
of embryos at E18 did not differ among breeder age,
strains, and EST, and of chicks at 3 h after hatch did
not differ between EST.

DISCUSSION

Chicken embryos uptake nutrients from albumen and
yolk and these nutrients are oxidized to provide en-
ergy for development and growth. Although both albu-
men and yolk are used for energy production, egg yolk
functions as the main nutritional supply accounting for
approximately 90% of total energy requirement (Ro-
manoff, 1967). An alteration of yolk size, due to changes
in breeder age (Nangsuay et al., 2013) or strain (Nang-
suay et al., 2015) has been shown to noticeably differen-
tiate nutrient availability in the eggs, which might have
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Table 5. Incubation duration (h), navel quality of chicks at 3 h after hatch (% of chicks with score 3), heart,
and stomach weight (% YFBM) at 3 h after hatch of Cobb 500 (C) and Ross 308 (R) from young (Y; 29 to 30
wk) and old (O; 54 to 55 wk) flock incubated at an eggshell temperature (EST) of 37.8 and 38.9°C (LSmeans).!

Effect Incubation duration, Navel quality, Heart, Stomach,
h % of score 32 % YFBM % YFBM
Breeder age x strain x EST
Y C 378 497" 10.80*P 0.89* 5.62%P
Y C 38.9 4864 18.90%" 0.74"¢ 5.58%P
Y R 37.8 502 3.40° 0.93* 5.56*°¢
Y R 38.9 493°¢ 13.40P 0.74P< 5.28°¢
0C378 496" 3.40P 0.92* 5.81%
O C 38.9 480° 35.10* 0.71¢ 5.56% ¢
OR 378 496" 6.90 0.89* 5.40P¢
OR 389 4894 5.60P 0.78" 5.420¢
SEM 1.10 0.02 0.07
Source of variation P-values
Breeder age x strain x EST 0.002 0.009 0.001 0.011

'n for incubation duration, navel quality, heart, and stomach weight at 3 h after hatch = 60 to 66.
2The values are the percentage of chicks with navel score 3 (poor).
#¢LSmeans lacking a common superscript within a column differ (P < 0.05).

an influence on embryonic development and nutrient
metabolism during incubation. In the current study an
attempt was made to confirm and extend previous find-
ings regarding the composition of young and old flock
eggs of Cobb 500 and Ross 308 strains. The average
weight of the selected eggs in the current study was
0.5 g higher in old flocks than in young flocks, but we
do not expect this relatively small difference to have a
biological effect on results obtained.

A significant interaction between breeder age and
strain for yolk weight indicated a pronounced effect of
breeder age. Yolk weight was approximately 3.2 and
3.8 g higher in the old flocks of Cobb 500 and Ross 308,
respectively, than in the young flocks of both strains.
On the other hand, yolk weight did not differ for eggs of
the same breeder age originating from different strains.
As a consequence of changes of yolk weight with breeder
age, ratio of yolk to albumen was higher in old flock
eggs than young flock eggs. The current results confirm
previous studies that with an increase in breeder age,
the yolk size increases as well (Ahn et al., 1997; Nang-
suay et al., 2011, 2013). In contrast to Nangsuay et al.
(2015), Cobb 500 and Ross 308 did not differ in yolk
weight. The inconsistency among studies for egg com-
positions and especially for yolk weight of Cobb 500 and
Ross 308 could be due to the difference in distribution
of the selected eggs compared to the flock average egg
weight of each breeder age, which might have influenced
the yolk-to-albumen ratio (Nangsuay et al., 2011). As
the eggs in this experiment were selected on a specific
weight range for both age groups and strains, weights
of selected eggs were not fully representative for the
normal egg weight distribution of the flocks. Another
effect on yolk-to-albumen ratio of eggs might have been
the energy intake of the breeders, which can be influ-
enced by diet composition and feed quantity (Peebles
et al., 2000). As the eggs were obtained from different
commercial flocks using different diet compositions, an
influence of diet and energy intake on the yolk size and

yolk composition and therefore on nutrient availability
cannot be totally excluded. Although both these factors
might have slightly influenced the results, the current
study suggests that due to alteration of yolk size the
breeder age rather than strain influences nutrient avail-
ability in hatching eggs.

Embryonic Development and Hatchling

During incubation, the developing embryos require
nutrients and oxygen for development and growth. The
requirements for nutrients and oxygen are progressively
increased with embryonic growth rate. Tazawa et al.
(1988) demonstrated that embryos before E18 act as
poikilothermic, which means that embryonic develop-
ment and growth during this period are temperature
dependent. In agreement with this observation, the cur-
rent results showed that embryos at an EST of 38.9°C
had a higher YFBM at E14 and E16 than that at an
EST of 37.8°C. However, these effects disappeared at
later stages of incubation and at 3 h after hatch chick
YFBM was lower at a high EST than at a normal
EST. These embryonic growth patterns manifest em-
bryonic responses to EST, which might be associated
with the propositions made by Tazawa et al. (1988) and
Whittow and Tazawa. (1991). According to these au-
thors, a higher embryonic growth at E14 and E16 might
be explained by the temperature-dependent Arrhenius-
limited stage, whereas a lower growth rate at a later
stage could be explained by an oxygen-conductance-
limited stage. As the Arrhenius-limited stage is char-
acterized by a metabolic rate related to changes in
temperature, a high EST at 38.9°C will have acceler-
ated nutrient metabolism, thereby enhancing embry-
onic growth rate. Consequently, the demand for en-
ergy for maintenance of existing embryonic tissues and
the continuing synthesis of new body tissues are pro-
gressively increased. To meet the embryonic demands
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Table 6. Total hepatic glycogen at E18 and at 3 h after
hatch (mg) of Cobb 500 (C) and Ross 308 (R) eggs from
young (Y; 29 to 30 wk) and old (O; 54 to 55 wk) flock incu-
bated at an eggshell temperature (EST) of 37.8 or 38.9°C
from E7 until hatching (LSmeans).!

Total hepatic glycogen, mg

Effect? E18 At 3 h after hatch
Breeder age x strain
Y C 20.42 20.60
YR 17.55 17.65
ocC 18.20 24.14
OR 16.28 23.65
SEM 2.88 2.15
Breeder age x EST
Y 37.8 20.97 18.91
Y 38.9 16.99 19.34
0 37.8 19.49 23.60
0O 38.9 14.98 24.20
SEM 2.83 2.15
Strain x EST
C 378 20.57 22.08
C 38.9 18.04 22.67
R 37.8 19.89 20.42
R 38.9 13.93 20.87
SEM 2.27 1.74
Breeder age
Y 18.98 19.12
O 17.23 23.89
SEM 2.62 1.97
Strain
C 19.31 22.37
R 16.91 20.65
SEM 2.00 1.52
EST
37.8 20.23 21.25
38.9 15.99 21.77
SEM 2.00 1.52
Source of variation P-values
Breeder age x strain 0.754 0.308
Breeder age x EST 0.859 0.667
Strain x EST 0.262 0.953
Breeder age 0.684 0.229
Strain 0.118 0.153
EST 0.006 0.667

In for each treatment combination of breeder age x strain,
breeder age x EST, and strain x EST for total hepatic glycogen
at E18 and at 3 h after hatch = 40.

2Significant interaction between breeder age x strain x EST
was found for total hepatic glycogen at E18 and the results are
presented in Table 8.

in this stage of development, nutrient and oxygen
availability should be increased as well. A similar fresh
yolk weight suggests that embryos of both EST had an
equal nutrient availability at the start of incubation.
However, acceleration of YFBM at E14 and E16 by an
increase in EST implied a necessity for a higher nutri-
ent metabolism to sustain growth. It can be expected
that an accelerated growth rate at high EST result-
ing in an increased oxygen requirement has resulted in
embryos reaching an oxygen-conductance-limited stage.
Although sufficient nutrients are available, yolk utiliza-
tion will be decreased due to limited oxygen availability
on tissue level and subsequently yolk uptake will be af-
fected. A higher RSY of chicks from high EST compared
to normal EST could be a reflection of limited oxygen
availability to metabolize yolk nutrients.

1675

Oxygen uptake by embryos is influenced by eggshell
conductance. The eggshell conductance determines the
diffusion rate of oxygen and this characteristic is fixed
once the shell is formed (Ackerman and Rahn, 1981).
Ar and Rahn (1985) demonstrated that eggshell wa-
ter vapor conductance and oxygen consumption rate at
the pre-internal pipping stage are directly proportional
to absolute mean growth rate of embryos (g per day).
In agreement with a previous study (Nangsuay et al.,
2015), the current results show that Cobb 500 eggs,
which had a lower eggshell conductance than Ross 308
eggs, yielded a lower YFBM at E14, E18, and at 3 h af-
ter hatch. Since the embryos of both strains were equal
in yolk size, which indicates similar nutrient availability
at the start of incubation, it might be possible that oxy-
gen limitation is a reason for the lower YEBM. Cobb
500 embryos might experience an imbalance between
requirement and availability of oxygen already at E14.
This condition might be continued until the moment of
external pipping and as a result nutrient uptake from
the yolk in Cobb 500 embryos will be lower than in Ross
308 embryos. Comparable observations were made in a
study in chicks 3 d after hatch by Pulikanti et al. (2012).
These authors reported that a specific eggshell water
vapor conductance (eggshell water vapor conductance
adjusted to 100 g of set egg weight basis) was posi-
tively correlated with chick carcass weight relative to
egg weight, but was negatively correlated with yolk sac
weight as a percentage of chick weight. Furthermore,
Tona et al. (2010) reported that at the internal pipping
stage Cobb eggs had a lower partial oxygen pressure
(pO2) in the air cell than Ross eggs, suggesting that
Cobb embryos were experiencing limited oxygen avail-
ability, and consequently yolk nutrient utilization and
yolk uptake might be affected. A higher RSY of em-
bryos at E18 and chicks at 3 h after hatch in Cobb 500
compared to Ross 308 for both age groups might indi-
cate a condition in which oxygen availability was lim-
ited for yolk nutrient metabolism. It could be implied
that due to a lower eggshell conductance an earlier and
probably a higher magnitude of oxygen-conductance-
limited stage is induced in Cobb 500 compared to Ross
308. Consequently less oxygen is available for nutrient
metabolism and as a result embryonic growth rate was
decreased. Although both nutrient and oxygen avail-
ability are essential factors, the current results suggest
that oxygen rather than nutrient level was limited for
energy production to sustain embryonic growth. The
current observation is supported by studies of Lourens
et al. (2007) and Molenaar et al. (2010) who reported
an increase of YFBM and a decrease of RSY of embryos
subjected to a high oxygen level (25%) between E7 and
E19.

The results obtained from eggs varying in yolk size,
which suggested differences in nutrient availability due
to breeder age, confirm the above suggestion. Eggs
obtained from young and old flocks did not differ
in eggshell conductance, which suggests equal oxy-
gen availability for embryos of both breeder ages. The
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Table 7. Blood plasma glucose, lactate, and uric acid (mmol/L) at E18 and at 3 h after hatch of Cobb 500 (C)
and Ross 308 (R) eggs from young (Y; 29 to 30 wk) and old (O; 54 to 55 wk) flock incubated at an eggshell
temperature (EST) of 37.8 or 38.9°C from E7 until hatching (LSmeans).!

E18, mmol/L At 3 h after hatch, mmol/L
Effect? Glucose Lactate Uric acid Glucose Lactate Uric acid
Breeder age x strain
YC 9.82 1.65 0.15 11.12 2.86 0.12%0
YR 9.00 1.50 0.16 10.82 2.62 0.14*
OcC 10.02 2.16 0.14 11.70 2.88 0.11%P
OR 9.54 1.87 0.13 11.53 2.50 0.09”
SEM 0.57 0.34 0.01 0.19 0.15 0.01
Breeder age x EST
Y 37.8 9.93 1.62 0.16 11.22 2.92 0.13
Y 38.9 8.89 1.53 0.15 10.72 2.55 0.13
0 37.8 10.03 2.00 0.13 11.80 2.86 0.10
0O 38.9 9.53 2.03 0.14 11.42 2.51 0.11
SEM 0.57 0.34 0.01 0.19 0.15 0.01
Strain x EST
C 37.8 10.31 1.99 0.14 11.66 2.95 0.12
C 38.9 9.53 1.82 0.15 11.16 2.78 0.11
R 37.8 9.65 1.63 0.14 11.36 2.83 0.12
R 38.9 8.89 1.74 0.14 10.99 2.29 0.12
SEM 0.42 0.25 0.01 0.15 0.14 0.01
Breeder age
Y 9.41 1.58 0.15 10.97 2.74 0.13
O 9.78 2.02 0.13 11.61 2.69 0.10
SEM 0.56 0.34 0.01 0.17 0.12 0.01
Strain
C 9.92 1.91* 0.15 11.41 2.87% 0.12
R 9.27 1.68" 0.14 11.17 2.56P 0.12
SEM 0.41 0.24 0.01 0.13 0.10 0.01
EST
37.8 9.98 1.81 0.14 11.51 2.89% 0.12
38.9 9.21 1.78 0.14 11.07 2.53P 0.12
SEM 0.41 0.24 0.01 0.13 0.10 0.01
Source of variation P-values
Breeder age X strain 0.255 0.638 0.646 0.539 0.582 0.031
Breeder age x EST 0.059 0.205 0.449 0.584 0.940 0.499
Strain x EST 0.959 0.067 0.266 0.533 0.131 0.239
Breeder age 0.726 0.501 0.176 0.120 0.791 0.262
Strain <.0001 0.003 0.729 0.027 0.013 0.671
EST <.0001 0.817 0.961 <.001 0.004 0.795

'n for each treatment combination of breeder age x strain, breeder age x EST, and strain x EST for glucose, lactate and uric
acid at E18 and at 3 h after hatch = 40.

2Significant interaction between breeder age x strain x EST was found for glucose at E18 and glucose at 3 h after hatch and
the results are presented in Table 8.

*PLSmeans lacking a common superscript within a column and factor differ (P < 0.05).

Table 8. Total hepatic glycogen (mg) at E18, glucose at E18 and at 3 h after hatch (mmol/L) of Cobb 500
(C) and Ross 308 (R) from young (Y; 29 to 30 wk) and old (O; 54 to 55 wk) flock incubated at an eggshell
temperature (EST) of 37.8 and 38.9°C (LSmeans).!

Effect Total hepatic glycogen at E18, Glucose E18, Glucose at 3 h after hatch,
Mg mmol /L mmol/L
Breeder age x strain x EST
Y C 378 23.220 10.14*P 11.28"
Y C 389 17.628P 9.50P 10.96>¢
Y R 37.8 18.722P 9.722b 11.15P¢
Y R 38.9 16.37P 8.29¢ 10.48¢
O C37.8 17.928b 10.48* 12.04*
0 C 389 18.47%P 9.57%P 11.36°
OR 378 21.07%P 9.58%P 11.56*P
OR 389 11.49° 8.29 11.49%P
SEM 3.22 0.62 0.26
Source of variation P-values
Breeder age x strain x EST 0.029 0.005 0.023

In for total hepatic glycogen at E18, glucose at E18, and glucose at 3 h after hatch = 20.
*“LSmeans lacking a common superscript within a column differ (P < 0.05).
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YFBM of embryos and chicks originating from young
and old flock eggs, which varied in yolk size, were com-
parable at all measurement d. Although yolk utiliza-
tion, reflected in RSY at 3 h after hatch, was higher in
old flocks than in young flocks, the YFBM at hatch
did not differ between either flock age. The current
results disagree with the previous suggestions regard-
ing yolk utilization as a determinant factor for embry-
onic growth (Byerly, 1932; Wilson, 1991). Similar re-
sults were demonstrated by Nangsuay et al. (2011) who
reported a higher yolk utilization of embryos from old
flocks than of young flocks, but the differences in yolk
utilization had no effect on YFBM at hatch.

Differences in embryonic development in response
to high EST also were shown in the internal organ
weights relative to YFBM. These findings might be re-
lated to differentiation of internal organ growth in re-
lation to embryonic developmental stages and nutrient
metabolism, which in turn are related to availability of
nutrients and oxygen. During incubation, development
patterns of internal organs relative to embryonic weight
differ; for example, the heart reaches maximum weight
relative to embryonic weight at E5, whereas the liver,
intestine, and gizzard reach this at E21 (Romanoff,
1960). In a condition in which there is an alteration
of nutrient metabolism by a high EST and the trajec-
tory of embryonic growth is changed, development of
demand (e.g., skeleton and muscle) and supply organs
(e.g. heart and liver) might subsequently be affected.
The effects could be different for embryos of different
breeder ages, which vary in yolk nutrient availability
and for strains that differ in oxygen availability. In the
current results, relative liver weight at E18 was lower in
high EST than normal EST for embryos of both young
and old flocks, but the effect was only statistically sig-
nificant in the young flock. This might be related to a
low yolk nutrient availability. As a result young flock
embryos might have low nutrient metabolism and ex-
perience a high magnitude of limited energy supply.
Therefore the immediate available energy might be pri-
oritized to the demand organ growth in expense of re-
tardation of the liver, which has not reached maximum
growth. The same phenomenon also could explain the
results at 3 h after hatch, where relative liver weight was
lower in high EST than normal EST. These findings are
in agreement with Romanoff (1960) who indicated that
incubation temperature at 38.5°C resulted in a retar-
dation of liver growth especially during the last d of
incubation.

The heart development showed consistent negative
response to a high EST, which was found in previ-
ous studies (Leksrisompong et al., 2007; Lourens et al.,
2007; Molenaar et al., 2011; Maatjens et al., 2014) as
well as in the current study. The current results show
that relative heart weight in embryos at E18 of both
young and old flocks was lower in high EST than normal
EST. A similar effect also was found for the embryos
of both strains, which had a lower relative heart weight
in high EST than normal EST. At 3 h after hatch, a 3-
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way interaction showed that embryos of all groups had
a lower relative heart weight in high EST than normal
EST and this effect was more pronounced in old Cobb
500 chicks. The plausible explanations of prioritizing
limited immediate available energy under high EST for
the demand organs might be applicable also for a lower
relative heart weight. However, at this moment it is not
clear which underlying mechanism is responsible for a
higher magnitude in response to high EST of old Cobb
500 chicks.

Development of the gastrointestinal tract, stomach,
and intestinal development is inconsistent in response
to EST. Stomach and intestinal weights relative to
YFEBM of embryos at E18 was higher in high EST than
normal EST. At 3 h after hatch, there were 2-way in-
teractions between strain and EST for relative intesti-
nal weight and 3-way interactions among breeder age,
strain, and EST for relative stomach weight, but these
interactions were relatively weak.

Although changes of EST had no effect on hatch of
fertile, incubation duration and navel quality revealed
that embryos of eggs from different breeder age and
strains responded differently to changes of EST. In
agreement with previous findings of Nangsuay et al.
(2015), at EST of 37.8°C the incubation duration in
Cobb 500 was approximately 4 h shorter than Ross 308,
especially in the young flocks. This might be explained
by a lower eggshell conductance in Cobb 500 than in
Ross 308. A low eggshell conductance could lead to a
combination of an earlier oxygen-limited stage as pre-
viously explained and the difficulty to get rid of CO,.
Consequently at the internal pipping stage the partial
pressure of CO; (pCOy) in the air cell is increased (Tona
et al., 2010). A high pCOs in the air cell at the inter-
nal pipping stage is proposed to be a trigger for the
hatching process (Visschedijk, 1968). These effects of
eggshell conductance were more pronounced at an EST
of 38.9°C than at an EST of 37.8°C. The effects of an
increased EST to 38.9°C on incubation duration were
clearly shown in both young and old flocks of Cobb 500
and Ross 308, but varied in degree of the effect. An
EST at 38.9°C in the young flock resulted in a shorter
incubation duration of 11 h in Cobb 500 and 9 h in
Ross 308, whereas in the old flock incubation duration
was shorter by 7 h in Ross 308 and 16 h for Cobb 500.
It is not clear why old Cobb 500 chicks appears to be
the most sensitive for higher EST in regards to incu-
bation duration. Comparable results were observed for
the navel quality. Old Cobb 500 chicks had the highest
percentage of chicks with navel score 3, characterized as
a black button exceeding 2 mm left outside the navel. A
possible reason could be that old Cobb 500 embryos de-
mand more oxygen for nutrient metabolism than young
flock embryos due to a large yolk size, whereas the oxy-
gen supply might be less and the CO, accumulation in
the air cell could be more than old Ross 308. As a result,
more yolk nutrient remained unabsorbed, while a high
pCOy in the air cell triggers the chicks to hatch. A short
incubation duration in combination with a high level of
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navel score 3 suggests that old Cobb 500 chicks precede
the hatching, while the yolk has not been completely
absorbed.

Hepatic Glycogen and Blood Metabolites

The measurements of total hepatic glycogen and glu-
cose indicate some responses of embryos to changes of
EST, but the pattern of responses was not clear to ex-
plicitly explain an influence of strains and breeder ages.
Molenaar et al. (2013) demonstrated that a high EST
at 38.9°C from E10.5 onward caused an increase in glu-
cose oxidation and decreased hepatic glycogen prior to
the hatching process. Nangsuay et al. (2015) reported
that at 3 h after hatch Cobb 500 had a higher hepatic
glycogen than Ross 308.

The current results showed a 3-way interaction
among breeder age, strain, and EST for total hepatic
glycogen at E18. The results showed that young Cobb
500 embryos at normal EST had a higher total hepatic
glycogen at E18 than old Ross 308 embryos at high
EST, whereas the other groups were similar. There was
an indication that a high EST at 38.9°C led to numer-
ically low hepatic glycogen at E18, but the same ob-
servation did not occur at 3 h after hatch. The current
observations regarding high EST suggesting a higher
glucose oxidation and lower hepatic glycogen than in a
normal EST are in the same direction with Molenaar
et al. (2013), but the patterns and mechanisms under-
lying the responses of embryos from different strains
and breeder ages cannot be explicitly explained. An in-
crease in glucose oxidation with high EST might lead to
a reduction of substrate for anaerobic glycolysis, which
occurs prior to hatching. The current results show that
high EST compared to normal EST resulted in a lower
plasma lactate in chicks at 3 h after hatch. A similar
mechanism of a higher glucose oxidation also could be
attributed to a lower plasma lactate in Ross 308 than
in Cobb 500. A higher eggshell conductance in Ross 308
than in Cobb 500 can facilitate more oxygen for nutrient
metabolism and thereby a reduced glucose availability
for anaerobic glycolysis. As a result, plasma lactate of
Ross 308 is higher than Cobb 500 at E18 and at 3 h
after hatch.

In conclusion, the current results indicate that
breeder age has an influence on yolk size, whereas
broiler strain has an influence on oxygen availability
through eggshell conductance. By incubating eggs of
different breeder ages and strains with a normal EST at
37.8°C and high EST at 38.9°C from E7 until hatching,
we concluded that oxygen rather than nutrient avail-
ability limits embryonic development and growth. Oxy-
gen availability has an influence also in incubation du-
ration and navel quality. The differences in response to
EST of embryos from different breeder ages and strains
might be related to eggshell conductance. The current
results indicate a crucial role of eggshell conductance,
which determines embryonic development and growth
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and influences the magnitude of responses to changes
in EST of embryos from different breeder ages and
strains. These results suggest that, due to differences
in eggshell conductance, embryos from different breeder
ages and strains might require different EST to main-
tain a balance between the availability of oxygen and
nutrients, to be able to optimize embryonic develop-
ment and growth, and good chick quality.
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