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ABSTRACT The hypothesis was proposed that the im-
proved embryonic livability observed when higher incu-
bation temperatures were imposed on eggs stored for 15
d prior to setting might have basis in energy metabolism.
To test the hypothesis, fertilized turkey eggs were incu-
bated either for the first 2 wk of development (experiment
1) or only the first week of development (experiment 2)
at 37.8°C compared with controls incubated at 37.5°C. In
both experiments, eggs were stored for either 15 or 3 d
prior to setting. Viable embryos were selected randomly
from each storage-by-incubation period treatment combi-
nation at 25 to 28 d of incubation and were sampled for
blood, heart, and skeletal muscle tissues. Tissues were
weighed and assayed subsequently for glucose or glyco-
gen content. In experiment 2, the randomly selected em-
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INTRODUCTION

In our previous report, embryonic livability was im-
proved by accelerating the growth and development early
in the incubation period (Christensen et al., 2003a). Temper-
ature treatment improved embryo livability consistently
only during the fourth week of incubation. The mechanism
of improved survival following treatments that were ap-
plied 2 wk prior to hatching is obscure. The hypothesis was
proposed that the improved survival rates of the turkey
embryos were due to accelerated growth and better utiliza-
tion of egg nutrients available at the end of development.

Although lipids provide over 90% of the energy for em-
bryonic growth (Romanoff, 1960), carbohydrates are criti-
cally important during the final stages of development
prior to emergence from the shell (Christensen et al., 1993).
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bryos from each treatment combination were sampled at
7, 14, 21, and 28 d of incubation. Embryos at 7 and 14 d
were assayed on a whole body basis, whereas at 21 and 28
d the bodies were dissected, and heart, liver, and skeletal
muscle tissues were weighed and assayed for glycogen
and lactate. Blood samples were collected between 25 and
28 d of incubation as in experiment 1 and assayed for
glucose, creatine kinase, lactate dehydrogenase, and thy-
roid hormone concentrations. In both experiments, accel-
erated development was noted due to higher temperature
and enhanced embryonic carbohydrate metabolism, and
elevated thyroid hormone concentrations were observed
compared with controls. It was concluded that a possible
mechanism for the improved livability of faster growing
embryos observed after prolonged egg storage might be
due to better utilization of carbohydrate.

Because of hypoxia that occurs normally at approximately
25 d of incubation due to eggshell conductance (Rahn,
1981), lipid cannot be metabolized. Additionally, very little
carbohydrate remains in the egg (Christensen et al., 1993)
so hepatic (Freeman, 1965) and renal gluconeogenesis
(Watford et al., 1981) are required to sustain life during
pipping and hatching. Thus, the hypothesis was tested by
measuring growth, residual yolk, and the components of
carbohydrate metabolism to establish a possible mecha-
nism for the improved livability observed when early em-
bryonic growth was accelerated compared with controls.

MATERIALS AND METHODS

Fertilized turkey eggs were collected from a commercial
flock 2 times 12 d apart during each of 2 trials of the
experiment. Eggs for tissue sampling were selected ran-
domly from the eggs used to measure livability in the
previous report (Christensen et al., 2003b). Eggs at the first
collection were placed into a cold storage room, kept at
12.8°C and 75% relative humidity for 14 d, and designated

Abbreviation Key: CK = creatine kinase; LDH = lactate dehydroge-
nase; T3 = triiodothyronine; T4 = thyroxine.
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TABLE 1. Body and yolk sac weights (g) of embryos in fertilized turkey eggs when exposed
to 2 storage periods and 2 incubation periods in experiment 1

Stage of development

Storage Incubation Internal External
(d)1 temperature2 Prepipping pipping pipping Hatching

Body weight without yolk sac
15 Control 46.1 46.9 51.4 51.6

High 49.4 48.4 52.3 53.4
Mean 52.5b

3 Control 45.7 48.3 52.1 54.2
High 47.9 47.4 52.0 53.4
Mean 54.4a

Control mean 45.9b

High mean 48.6a

Mean ± SEM 47.3 ± 0.3 47.7 ± 0.4 52.0 ± 0.6 53.3 ± 0.6
Storage (S) NS NS NS 0.05
Temperature (T) 0.02 NS NS NS
S × T NS NS NS NS

Yolk sac
15 Control 16.7 13.1 12.0 8.3

High 13.2 11.9 11.1 6.8
Mean 12.5b 7.5b

3 Control 16.8 13.1 11.3 10.1
High 15.0 14.2 12.3 7.5
Mean 13.7a 8.8a

Control mean 16.7a 9.2a

High mean 14.1b 7.1b

Mean ± SEM 15.4 ± 4.0 13.1 ± 3.6 11.6 ± 0.6 8.2 ± 0.2
Storage (S) NS 0.05 NS 0.0004
Temperature (T) 0.01 NS NS 0.01
S × T NS NS NS NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2 Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for the initial 2 wk after which they were placed into the same machine as the controls.

FIGURE 1. Cardiac glycogen concentrations in embryos from eggs
stored 15 or 3 d prior to incubation when exposed to higher incubation
temperature (37.8°C) for the initial 2 wk of development compared with
controls maintained at 37.5°C throughout development. a,b Interaction
means with different letters differ significantly. S = significant storage
effect (internal pip 15 d mean = 13.9, 3 d mean = 11.5 mg/g; external
pip 15 d mean = 11.2, 3d mean = 8.2 mg/g), and T = significant tempera-
ture effect (high temperature mean = 8.3. control mean = 11.2).

FIGURE 2. Hepatic glycogen concentrations in embryos from eggs
stored 15 or 3 d prior to incubation when exposed to higher incubation
temperature (37.8°C) for the initial 2 wk of development compared to
controls maintained at 37.5°C throughout development. S = significant
storage effects (prepip 15 d mean = 42.8, 3 d mean = 26.8 mg/g; external
pip 15 d mean = 16.3, 3 d mean = 13.2 mg/g). a,b Interaction means
with different letters differ significantly.
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TABLE 2. Organ weights (mg) of embryos in fertilized turkey eggs when exposed
to 2 storage periods and 2 incubation temperatures in experiment 1

Stage of development

Incubation Internal External
Storage temperature2 Prepipping pipping pipping Hatching

Heart
15 Control 267 258 284 329

High 279 257 283 343
Mean 273a

3 Control 236 270 284 336
High 255 255 281 354
Mean 246b

Control mean 264a 332b

High mean 255b 349a

Mean ± SEM 259 ± 6 260 ± 4 283 ± 5 340 ± 5
Storage (S) 0.04 NS NS NS
Temperature (T) NS 0.05 NS 0.05
S × T NS NS NS NS

Liver
15 Control 819 942 993 1,309

High 915 926 985 1,392
Mean

3 Control 821 928 976 1,261
High 874 887 980 1,432
Control mean 820b 1,285b

High mean 895a 1,413a

Mean ± SEM 857 ± 13 921 ± 14 986 ± 18 1,349 ± 19
Storage (S) NS NS NS 0.05
Temperature (T) 0.01 NS NS 0.001
S × T NS NS NS NS

Skeletal muscle
15 Control 1,961 2,243 2,659 2,563

High 2,167 2,273 2,771 2,707
3 Control 2,038 2,381 2,628 2,734

High 2,137 2,247 2,576 2,819
Control mean 2,001b 2,648b

High mean 2,152a 2,763a

Mean ± SEM 2,076 ± 36 2,286 ± 34 2,662 ± 60 2,696 ± 66
Storage (S) NS NS 0.03 0.04
Temperature (T) 0.05 NS NS 0.05
S × T NS NS NS NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for the initial 2 wk after which they were placed into the same machine as the controls.

TABLE 3. Body weights of embryos in fertilized turkey eggs when exposed
to 2 storage periods and 2 incubation temperatures in experiment 2

Day of incubation

Storage Incbation 7 14 21 28
(d)1 temperature2 (mg) (g) (g) (g)

15 Control 326 5.12 28.8 51.1
High 492 5.92 31.2 52.6
Mean 409b 5.12b 29.9b

3 Control 403 5.62 30.5 52.7
High 559 6.23 33.2 51.7
Mean 481a 5.93a 31.8a

Control mean 365b 5.38b 30.9b

High mean 526a 6.08a 32.2a

Mean ± SEM 445 ± 12 5.73 ± 0.10 30.9 ± 0.3 52.0 ± 0.5
Storage (S) 0.003 0.05 0.002 NS
Temperature (T) 0.0001 0.0001 0.0001 NS
S × T NS NS NS NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for the initial 2 wk after which they were placed into the same machine as the controls.
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TABLE 4. Organ weights (mg) of embryos in fertilized turkey eggs when exposed
to 2 storage periods and 2 incubation temperatures in experiment 2

Day of incubation
Incubation

Storage (d)1 temperature2 21 28

Heart
15 Control 187 346

High 176 351
3 Control 184 382

High 204 345
Control mean 185b

High mean 198a

Mean ± SEM 192 ± 3 356 ± 6
Storage (S) NS NS
Temperature (T) 0.03 NS
S × T NS NS

Liver
15 Control 570 1,400

High 601 1,507
Mean 585b

3 Control 595 1,449
High 677 1,493
Mean 636a

Control mean 586b

High mean 639a

Mean ± SEM 611 ± 10 1,462 ± 24
Storage (W) 0.03 NS
Temperature (T) 0.01 NS
S × T NS NS

Skeletal muscle
15 Control 1,028 2,557

High 1,222 2,768
Mean 1,125b

3 Control 1,115 2,602
High 1,265 2,660
Mean 1,190a

Control mean 1,072b 2,580b

High mean 1,244a 2,710a

Mean ± SEM 1.7 ± 0.1 0.50 ± 0.02
Storage (S) 0.05 NS
Temperature (T) 0.0001 0.05

S × T NS NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for wk 1 after which they were placed into the same machine as the controls.

as the stored treatment group. At the beginning of the 15th
d of storage, the eggs were removed from the cold room
and allowed to warm overnight to room temperature. Eggs
at the second collection time were kept in the same egg
storage room for the final 3 d and served as the controls.
The control group was also removed from the cold storage
room 14 h before setting and allowed to warm to room
temperature prior to setting in the incubators. On the day
of setting, eggs were placed into 2 incubator cabinets. One
cabinet operated at 37.8 ± 0.1°C, and the other was at
37.5 ± 0.1°C. At completion of 14 d of development in
experiment 1 and 7 d in experiment 2, eggs were moved
to the same cabinet operated at 37.5 ± 0.1°C. Temperatures
in both cabinets were monitored by data loggers with a
sensitivity of 0.1°C. Thus, the higher temperature for accel-
erating development was applied for wk 1 and 2 for the
first experiment and only wk 1 for the second. Approxi-
mately 1,000 eggs were set in each of two replicates of
experiment 1 and 2,000 eggs were set in each replicate of
experiment 2. At the beginning of the 25th day of incuba-

tion, all eggs in both treatments and experiments were
transferred to a second machine for hatching. The hatching
machine operated at 36.8°C and 75% relative humidity.

Tissues were sampled in both experiments using the
following protocol. Embryos were selected randomly from
the 1,000 eggs in each trial of experiment 1. Ten embryos
(5 from each trial) were selected randomly from each stor-
age-by-incubation period treatment combination at the pre-
pipping, internal pipping, external pipping, and hatching
stages of development. Because turkeys require longer
times for pipping and emerging from the shell, a subsample
(25 eggs) was observed to schedule sampling times. This
was done to ensure all treatments were comparable and
all eggs in a treatment were sampled at the same stage.
The eggs were observed with a candling light, and embryos
were sampled when more than 50% of a subsample repre-
senting each treatment group attained the stage of interest.
Embryos were sampled for blood, heart, and skeletal mus-
cle tissues as described previously (Christensen et al., 1993).
The embryo and all tissues were weighed (nearest 0.01 mg)
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TABLE 5. Cardiac glycogen and lactate (mg/g of wet tissue mass) and their ratio in embryos in fertilized
turkey eggs when exposed to 2 storage periods and 2 incubation temperatures in experiment 2

Day of incubation
Incubation

Storage (d)1 temperature2 21 28

Glycogen
15 Control 4.5 2.4

High 3.8 2.2
3 Control 4.3 2.1

High 4.5 2.4
Mean ± SEM 4.3 ± 0.1 2.3 ± 0.07
Storage (S) NS NS
Temperature (T) NS NS
S × T NS NS

Lactate
15 Control 0.45 0.95

High 0.44 0.91
Mean 0.45a

3 Control 0.37 0.89
High 0.42 0.90
Mean 0.39b

Mean ± SEM 0.42 ± 0.01 0.91 ± 0.01
Storage (S) 0.05 NS
Temperature (T) NS NS
S × T NS NS

Ratio
15 Control 10.30 2.51

High 8.99 2.47
Mean 9.6b

3 Control 12.12 2.56
High 11.51 2.47
Mean 11.80a

Mean ± SEM 10.70 ± 0.50 2.54 ± 0.08
Storage (S) 0.03 NS
Temperature (T) NS NS
S × T NS NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2 Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for wk 1 after which they were placed into the same machine as the controls.

and then, in preparation for analysis for glycogen, were
placed in an appropriate volume of 7% cold perchloric
acid. The blood was centrifuged, and then plasma was
recovered and analyzed for glucose concentration.

In experiment 2, tissues were sampled similarly but on
different days of development. Ten randomly selected em-
bryos (5 from each trial) from each egg storage-by-incuba-
tion treatment combination were sampled at 7, 14, 21, and
28 d of incubation. The 7- and 14-d embryos were weighed
without yolk, then the whole body was placed into vials
as described above for total body glycogen and lactate
assays. At 21 and 28 d the embryos were dissected, and
heart, liver, and skeletal muscle (M. gastrocnemius) tissues
were weighed and prepared for glycogen and lactate
assays. Blood samples were collected from 25 through 28
d of incubation as described above at prepipping, internal
and external pipping, and hatching stages. The samples
were assayed for plasma glucose (Donaldson and Chris-
tensen, 1991), lactate dehydrogenase (LDH) and creatine
kinase (CK) (Christensen et al., 2003b), and thyroid hor-
mone concentrations (Christensen and Davis, 2001).

Plasma thyroid hormone concentrations were measured
at three stages of development because of their importance
developmentally in the maturation processes. All plasma

samples were analyzed for triiodothyronine (T3) and thy-
roxine (T4) by RIA using a single assay to avoid interassay
variation (Christensen et al., 1993; Davis et al., 2000). To
test recovery, stock solutions of T3 and T4 were serially
diluted from 32 to 0.5 ng/mL. Each serially diluted concen-
tration of T3 and T4 was added (spiked) to filtered turkey
plasma, each with a 1-mL volume. The percentage recovery
of T3 and T4 ranged from 95% for the 0.5 ng/mL sample
to 100% for the 32 ng/mL sample. To test parallelism,
stock solutions of T3 and T4 were serially diluted to their
respective standard curve concentrations (range of 0.4 to
10.0 and 0.5 to 32 ng/mL, respectively). These dilutions
were added (spiked to 1 mL of pooled turkey plasma sam-
ple), and the logit-log plot of percentage bound versus
concentration was compared with the standard curve. The
slopes of the standard curve and spiked, pooled turkey
curve were similar for T3 and T4.

Data were organized in a 2 × 2 factorial arrangement for
statistical analysis (SAS Institute, 1998). Factors were egg
storage (15 d or 3 d) and incubation temperature (high or
control). Trial was a fixed factor in the analysis, but no
significant differences were detected due to trial so data
were pooled for presentation (overall n = 40).
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TABLE 6. Hepatic glycogen and lactate (mg/g of wet tissue mass) and their ratio in embryos in fertilized
turkey eggs when exposed to 2 storage periods and 2 incubation temperatures in experiment 2

Day of incubation
Incubation

Storage (d)1 temperature2 21 28

Glycogen
15 Control 5.3 12.1

High 6.3 7.6
Mean 5.8a

3 Control 4.8 9.2
High 4.9 8.3
Mean 4.8b

Control mean 10.7a

High mean 7.9b

Mean ± SEM 5.3 ± 0.2 9.3 ± 0.7
Storage (S) 0.05 NS
Temperature (T) NS 0.04
S × T NS NS

Lactate
15 Control 0.15 0.23

High 0.17 0.25
Mean 0.24a

3 Control 0.15 0.22
High 0.17 0.23
Mean 0.22b

Mean ± SEM 0.16 ± 0.01 0.23 ± 0.006
Storage (S) NS 0.04
Temperature (T) NS NS
S × T NS NS

Ratio
15 Control 36.7 42.2

High 37.9 36.7
Mean 37.3a

3 Control 29.1 53.0
High 30.0 33.1
Mean 29.5b

Control mean 47.6a

High mean 34.9b

Mean± SEM 10.70 ± 0.50 2.54 ± 0.08
Storage (S) 0.003 NS
Temperature (T) NS 0.05
S × T NS NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for wk 1 after which they were placed into the same machine as the controls.

RESULTS

Experiment 1

The embryos stored 3 d with yolk intact weighed more
than the embryos stored 15 d at internal pipping and hatch-
ing (Table 1). Without yolk the difference was noted only at
hatching, but prepipping embryos in the high-temperature
treatment weighed about 3 g more than the controls. The
high temperature-treated embryos used more yolk than
controls and the 15-d stored embryos had used more than
the 3-d stored at hatching. The 15-d storage embryos had
smaller livers and skeletal muscles but not hearts than did
3-d storage group hatchlings (Table 2). Organ weights also
reflected growth differences as embryo heart, liver, and
skeletal muscle weights from the high-temperature group
were heavier than those from controls. The growth of each
tissue was confirmed by measuring total protein in each
of the tissues (data not shown). Blood glucose did not differ
among the storage or incubation period groups at any stage

of development. However, cardiac and hepatic glycogen
were affected by a significant storage-by-temperature by
stage-of-development interaction (Figures 1 and 2). Among
15-d-stored embryos, high temperature elevated cardiac
glycogen at prepipping and hatching, whereas the controls
decreased glycogen at a slower rate. No such pattern was
observed among 3-d-stored embryos. Similar effects were
observed in hepatic glycogen except at hatching when 15-d
storage in combination with the high temperature lowered
glycogen more than did the other treatment combinations.

Experiment 2

Compensatory growth was evident in the embryos from
the high temperature and control groups (Table 3). At 7,
14, and 21 d, high temperature embryos weighed more
than the controls, and 15 d of storage depressed BW com-
pared with 3 d at the same sampling times. At 28 d of
incubation BW was equivalent as no differences in
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TABLE 7. Skeletal muscle glycogen and lactate (mg/g of wet tissue mass) and their ratio in embryos
in fertilized turkey eggs when exposed to 2 storage periods and 2 incubation

temperatures in experiment 2

Day of incubation
Incubation

Storage (d)1 temperature2 21 28

Glycogen
15 Control 1.1 0.56

High 1.0 0.50
3 Control 1.1 0.54

High 1.1 0.50
Control mean 0.55a

High mean 0.50b

Mean ± SEM 1.1 ± 0.02 0.52 ± 0.01
Storage (S) NS NS
Temperature (T) NS 0.05
S × T NS NS

Lactate
15 Control 0.41 0.65

High 0.44 0.75
3 Control 0.41 0.79

High 0.51 0.75
Control mean 0.40b

High mean 0.48a

Mean ± SEM 0.44 ± 0.02 0.73 ± 0.02
Storage (S) NS NS
Temperature (T) 0.05 NS
S × T NS NS

Ratio
15 Control 2.67 0.88

High 2.20 0.67
3 Control 2.77 0.76

High 2.40 0.69
Control mean 2.72a 0.82a

High mean 2.56b 0.68b

Mean± SEM 2.51 ± 0.06 0.75 ± 0.02
Storage (S) NS NS
Temperature (T) 0.003 0.01
S × T NS NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for wk 1 after which they were placed into the same machine as the controls.

hatchling body weights were observed among any of the
treatments.

Body, heart, and liver weights did not differ significantly
in the hatchlings in experiment 2, but 21-d embryonic heart,
liver, and skeletal muscles were significantly heavier in
high temperature eggs than in control eggs, and the differ-
ences in skeletal muscles persisted at hatching (Table 4).
Additionally, compared with 3 d of egg storage 15 d of
egg storage depressed the liver and skeletal muscle weights
at 21 d of incubation. Cardiac glycogen and lactate concen-
trations did not differ among any of the treatments (Table
5), but high temperature depressed hepatic and skeletal
muscle glycogen concentration as well as the hepatic and
skeletal muscle glycogen-to-lactate ratios (Tables 6 and 7).
Consequently, eggs stored for 15 d yielded poults with
greater hepatic lactate concentrations than did 3-d eggs.
Blood plasma LDH and CK activity were suppressed prior
to pipping in the high-temperature embryos compared
with controls. Blood glucose and CK concentrations in
hatchlings did not differ among treatments, but poults in
15-d-storage eggs displayed depressed LDH concentra-

tions at hatching compared to poults in 3-d-storage eggs
(Table 8).

Storage of eggs for 15 d prior to setting depressed embry-
onic T4 concentrations at external pipping but elevated
them at hatching compared to 3-d-stored embryos (Table
9). Compared with controls, high temperatures elevated
the T3 at external pipping. The ratio of T3 to T4 displayed
storage-by-temperature interaction at prepipping and ex-
ternal pip stages. The ratio was elevated at prepipping for
eggs stored 3 d exposed to high temperatures compared
to controls, but no such action was noted in the embryos
stored 15 d prior to setting. At external pipping the high
temperature elevated the ratio in 15-d-stored eggs com-
pared to controls, but no such elevation was observed in
the 3-d-stored eggs.

DISCUSSION

With advances in modern incubation technology, ex-
panded possibilities exist to control the livability of avian
embryos. Digitized thermostats connected to microproces-
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TABLE 8. Blood glucose concentration (mg/dL), lactate dehydrogenase activity (U/L), and creatine kinase
(U/L) activity in embryos in fertilized turkey eggs when exposed to 2 storage periods

and 2 incubation temperatures in experiment 2

Stage of development

Storage Incubation External
(d)1 temperature2 Prepipping pipping Hatched

Glucose
15 Control 208 184 238

High 198 218 235
3 Control 208 227 246

High 205 222 237
Mean ± SEM 205 ± 5 213 ± 7 239 ± 4
Storage (S) NS NS NS
Temperature (T) NS NS NS
S × T NS NS NS

Lactate dehydrogenase
15 Control 469 534 683

High 371 600 599
Mean 640b

3 Control 538 494 742
High 404 552 759
Mean 751a

Control mean 504a

High mean 384b

Mean ± SEM 446 ± 21 545 ± 28 696 ± 27
Storage (S) NS NS 0.05
Temperature (T) 0.02 NS NS
S × T NS NS NS

Creatine kinase
15 Control 198 488 669

High 370 508 575
3 Control 353 563 759

High 399 573 643
Control mean 275b

High mean 384a

Mean ± SEM 330 ± 26 533 ± 52 662 ± 35
Storage (S) NS NS NS
Temperature (T) 0.05 NS NS
S × T NS NS NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for wk 1 after which they were placed into the same machine as the controls.

sors capable of temperature sensitivities of 0.1°C or greater
provide increased sensitivity to control incubation condi-
tions. Microprocessors can also be integrated with comput-
ers to facilitate constant monitoring of environmental con-
ditions and to yield data bases from which to make man-
agement decisions. The improved electronic capabilities
have not yet been coupled with knowledge of the biology
of poultry embryo development to assist in these decisions.
The current study addressed the biological effects of ele-
vated environmental temperatures at the beginning of the
developmental period and how they affected embryo phys-
iology nearly 2 to 3 wk later by improving livability.

Incubation treatments in experiment 2 occurred at 1 wk
of development, but 15-d embryos still weighed less than
3-d embryos at the end of the treatment periods. Body
weights did not differ between the storage treatments at
hatching suggesting that compensatory growth occurred
during embryonic development after the treatments had
been completed. In experiment 1, no such compensatory
growth was observed although neither heart or liver
weights were affected at internal (26 d of incubation) or

external pipping (27 d of incubation) as well as in the
hatchling (28 d of incubation). In experiment 2, heart, liver,
and skeletal muscle weights were all affected by tempera-
ture treatments along with cardiac and hepatic glycogen
concentrations.

An additional measurement that was affected in experi-
ment 2 was tissue lactate concentration. The length of the
plateau stage in oxygen consumption might explain these
differences. If exposure to hypoxia is protracted, as it was
in shorter incubation periods, adjustments to provide car-
bohydrate for anaerobic metabolism are made by the em-
bryo. In the absence of respiratory oxygen, the liver mobi-
lizes glycogen and accumulates lactate for recycling via the
Cori cycle (Pearce and Brown, 1971; Watford et al., 1981).
For example, among 15-d-stored eggs in experiment 2,
high temperature simultaneously shortened the external
pipping time by nearly 10 h compared with controls. This
shorter time affected the glycogen-to-lactate ratios in liver
and skeletal muscle but not in heart and was preceded by
suppressed LDH and increased CK activity prior to pip-
ping. Both LDH and CK are indicators of cardiac insuffi-
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TABLE 9. Plasma thyroxine and triiodothyronine concentrations (ng/mL) and their ratio in embryos in
fertilized turkey eggs when exposed to 2 storage periods and 2 incubation temperatures in experiment 2

Stage of development

Incubation External
Storage (d)1 temperature2 Prepipping pipping Hatched

Thyroxine
15 Control 14.8 21.8 21.8

High 16.6 27.9 19.2
Mean 24.9b 20.5a

3 Control 15.4 31.6 15.4
High 19.6 32.4 16.5
Mean 32.0a 15.9b

Mean ± SEM 16.6 ± 0.9 28.3 ± 2.9 18.2 ± 0.9
Storage (S) NS 0.05 0.05
Temperature NS NS NS
S × T NS NS NS

Triiodothyronine
15 Control 2.7 8.4 10.5

High 2.7 13.5 9.7
3 Control 2.7 11.0 10.1

High 2.5 8.0 10.0
Control mean 8.2b

High mean 12.2a

Mean ± SEM 3.2 ± 0.4 10.3 ± 1.2 10.1 ± 0.4
Storage (S) NS NS NS
Temperature (T) NS 0.05 NS
S × T NS NS NS

Ratio
15 Control 0.19ab 0.26b 0.50

High 0.16b 0.49a 0.51
Mean 0.50b

3 Control 0.16b 0.36ab 0.64
High 0.24a 0.36ab 0.61
Mean 0.63a

Mean ± SEM 0.19 ± 0.01 0.37 ± 0.02 0.57 ± 0.02
Storage (S) NS NS 0.01
Temperature (T) NS 0.04 NS
S × T 0.04 0.05 NS

a,bColumnar means with different superscripts differ significantly (P < 0.05).
1Eggs were stored at 12.8°C and 75% relative humidity for 15 or 3 d prior to setting in the incubator.
2Control = eggs were incubated at 37.5°C for the entire 28 d incubation period; High = eggs were incubated

at 37.8°C for wk 1 after which they were placed into the same machine as the controls.

ciency, as LDH is responsible for the conversion of lactate
into pyruvate, whereas CK provides high-energy phos-
phate groups for metabolism in the absence of aerobic
metabolism. Conversion of lactate to pyruvate is the initial
step in recycling lactate to glucose-6-phosphate for the
Krebs cycle. Thus, it may be concluded that longer plateaus
in oxygen consumption in stored eggs cause adjustments
in energy metabolism. If recycling of lactate occurs during
periods of compensatory growth, it may assist embry-
onic survival.

Embryonic plasma thyroid hormone concentrations are
closely related to hatchability and basal metabolism (Chris-
tensen et al., 1982). Elevated T4 and T3 concentrations foster
increased survival rates. Storage of eggs for 15 d prior to
setting depressed T4 during external pipping but T4 was
elevated in hatchlings, suggesting a possible delay in thy-
roid response when eggs are exposed to prolonged storage
prior to setting. The T3 concentrations were elevated at
external pipping by shorter incubation periods, and the
ratios of T4 to T3 exhibited a storage-treatment-by-incuba-
tion-period interaction. Elevation of T3 in relation to T4 was
associated with greater survival rates in 15-d-stored eggs.

Thus, we speculate that prolonged egg storage depresses
T4 concentrations during pipping, and that altering the
incubation period allows adjustments in thyroid function
to be made by the conversion of T4 to T3. In a previous
publication (Christensen et al., 2002), it was speculated that
incubator conditions prolonging incubation periods might
affect thyroid hormone actions during pipping and hatch-
ing. The current paper provides further evidence that the
previous speculation may be true.
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