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Abstract

Exposure to elevated temperatures during incubation is known to induce epigenetic changes that are
associated with immunological and stress-response differences at a later age. Reports on its effects on
the adipose tissue are still scarce. In this experiment, we investigated the effect of embryonic heat
conditioning (EHC) on growth, adipose tissue mRNA and global DNA methylation in broiler chicks
at day 4 post-hatch. Fertile eggs were divided into two groups: control and EHC. Eggs in the control
group were incubated at 37.8°C and 80% relative humidity from day 0 to day 18.5 (EO to E18.5). The
EHC eggs were subjected to an intermittent increase in temperature to 39.5°C and 80% relative
humidity from E7 to E16 for 12 hours (07:30-19:30) per day. On day 4 post-hatch, control and EHC
chicks were subjected to 36°C using three time points: 0 (no heat challenge serving as the control), and
2 and 12 hours relative to start of the heat challenge. Fifteen chicks were sampled from each group for
every timepoint. Body weight was recorded before euthanasia and subcutaneous adipose tissue was
collected. Body weights were similar in control and EHC groups. Diacylglycerol O-acyltransferase 2
(DGAT2) mRNA was lower in the EHC group at time O relative to control. Hormone-sensitive lipase
(HSL) mRNA was greater in the EHC than control group at the 0 hour timepoint. Heat challenge
affected adipose tissue DNA methylation, with methylation highest at 12 hours into the heat challenge.
These findings highlight the dynamic molecular responses of chicks to heat stress during early post-
hatch development and suggest that EHC may affect heat stress responses and adipose tissue
development through mechanisms involving lipid remodeling and DNA methylation.

1 Introduction

Poultry is the main protein source for the majority of the world’s population (Connolly et al., 2022).
This can be attributed to its ease of production and quick turnaround time compared to other domestic
animals and its acceptance across all religions and cultures. Production is still on the rise yearly and it
is expected that it will account for about 41% of the world’s animal protein consumption by 2030
(OECD and FAO, 2021). The quick turnaround time is primarily made possible by selection with short
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generation intervals and increasing demand for chicken parts as opposed to whole birds in recent
decades (Petracci et al., 2015). This selection process made it possible to raise chickens that reach
market/table size quickly and produce more robust parts like the breast (Zuidhof et al., 2014). However,
this selection is not without unintended consequences. To reach maturity sooner, birds consume more
feed and while this is expected, they deposit more adipose tissue than needed. Excess adipose tissue is
regarded as a negative trait in poultry production because adipose tissue in excess is not biologically
valuable as it diverts energy from the muscles (Claire D’ Andre et al., 2013). Asides from that, excess
adipose tissue compromises the welfare and health of the birds including their fertility (Bernardi et al.,
2021). Solutions have been sought ranging from the supplementation of feeds with different additives,
to feed restriction which can become a welfare concern (Fouad & El-Senousey, 2014). Subcutaneous
fat is the first depot that is visible during development in broilers, usually by embryonic day 12 (E12).
This development is usually triggered by the extraction of fatty acid from the yolk which continues
until E19. After E19, a series of events activate lipolysis which converts the stored triglyceride (TG)
into energy for the chick to use during the hatching period. Abdominal adipose tissue, which is the
primary storage depot of TG in mature chickens develops after hatch, becoming more visible around
day 7 post-hatch. (Kim & Voy, 2021).

Heat is widely regarded as a negative phenomenon in commercial poultry production as it hinders
growth by reducing feed intake and can lead to death in severe cases. Rising temperature is inevitable
due to increased global warming (Yang, 2021). Also, selection for rapid growth over the years gave
rise to chickens with impaired thermotolerance (Yahav, Rath, et al., 2004). Different techniques have
been used to combat this from improved housing to epigenetic programming (Al-Zghoul, 2018).
Thermal manipulation of avian species during embryogenesis has been established over the years as a
way of altering their stress threshold later in life (Loyau et al., 2016). Embryonic heat conditioning not
only affects the chicks’ stress response post-hatch but also the immunological state and hatchability
which has been reported to be higher in heat-conditioned chicks (Halevy et al., 2006; Piestun, Halevy,
et al., 2009; Rajkumar et al., 2015). Since thermal manipulation during embryogenesis has all of these
benefits it has been suggested that it could possess other benefits due to cross-tolerance (Farghly et al.,
2022). However, research has been scarce in evaluating the effects of thermal epigenetic programming
during embryogenesis on adipose tissue development post-hatch. Therefore, the aim of this experiment
was to evaluate the molecular mechanisms by which subcutaneous adipose tissue deposition is affected
by thermal programming during embryo development. We measured expression of adipose-specific
transcription factors and enzymes identified by past studies to have an effect on adipocyte
differentiation, lipogenesis, and lipolysis, and assessed global DNA methylation, hypothesizing that
changes in embryonic programming and response to heat stress might be epigenetic.

2 Material and Methods

2.1 Chickens and Embryonic Heat Conditioning

All animal protocols were approved by the Institutional Animal Care and Use Committee (IACUC) at
Virginia Tech. Fertile chicken eggs of the Cobb-Hubbard cross (Gallus gallus) were obtained from a
nearby commercial hatchery. Upon arrival at the incubation facility, they were kept at 26.6°C for 12
hours after which they were divided into two incubators (Rite Farm Products Pro-1056) labeled control
and embryonic heat conditioning (EHC). The eggs in the control group were incubated at 37.8°C and
80% relative humidity from day 0 to day 18.5 (EO to E18.5). The EHC group was subjected to an
intermittent increase in temperature to 39.5°C and 80% relative humidity from E7 to E16 for 12 hours
(07:30-19:30) per day. After E18.5, candling took place, and infertile eggs and dead embryos were
disposed of and the embryos in good condition were transferred to the hatcher (Rite Farm Products
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Pro-264) at 36.9°C and 50% relative humidity for 18 hours. The temperature was gradually decreased
to 35°C until the hatch was collected. Hatched chicks were randomly divided into group cages in
preparation for the post-hatch challenge experiment on day 4. The holding room temperature was set
at 30°C with 24 hours of illumination with ad libitum access to food and water. The protocol was based
on previous findings in the Cline/Gilbert lab.

2.2 Heat Challenge

On day 4 post-hatch, both EHC and control groups were subjected to heat challenge at 36°C using three
time points: 0 (no heat challenge serving as a control), and 2 and 12 hours relative to the start of the
challenge. The protocol was developed based on prior research conducted in the Cline/Gilbert lab.
Fifteen chicks were randomly sampled from both the control and EHC groups for a total of 30 chicks
sampled at each time point. Chicks were individually weighed and euthanized by decapitation. Sex
was determined by gonadal inspection and adipose tissue samples were collected as described below.

2.3 Tissue Collection

Subcutaneous fat was collected from the breast wing axis. This was done by removing the skin to
expose the fat pads and sterile forceps and scissors were used to obtain the sample. The workstation
and instruments were cleaned using 70% ethanol and sterile wipes between each sample collection to
avoid cross-contamination. Adipose tissue samples were rinsed in ice-cold phosphate-buffered saline,
blotted on a wipe, and immediately submerged in RNALater (Fisher HealthCare, Houston, TX, USA)
for RNA isolation and Lysis Buffer B (Norgen Biotek, Thorold, ON, Canada) for genomic DNA
extraction. They were incubated at 4°C overnight and then moved to -20°C until total RNA and DNA
extraction.

2.4 Total RNA Extraction and cDNA Synthesis

Adipose tissue samples (200mg) were homogenized in TRI Reagent (Sigma-Aldrich, St. Louis, MO,
United States) with 5 mm stainless steel beads (Qiagen, Valencia, CA, United States) using a Tissue
Lyser II (Qiagen). At the step of addition of ethanol (molecular-biology grade; Fisher HealthCare),
total RNA was isolated using the Zymo Quick-DNA/RNA Miniprep kit (Zymo Research, Irvine, CA,
USA) following the manufacturer’s instructions. The concentration and purity of the isolated total RNA
were checked using the Nanophotometer Pearl Spectrophotometer (Implen, Westlake Village, CA,
USA) at 260/280/230 nm. The cDNA was synthesized from 200 ng of total RNA with the High
Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Carlsbad, CA, USA). Reactions were
performed under the following conditions: 25°C for 10 min, 37°C for 120 min, and 85°C for 5 min.

2.5 Real-Time Quantitative PCR (RT-qPCR)

Primers for real-time PCR (Table 1) were designed using Primer Express (Applied Biosystems,
Carlsbad, CA, USA). Real-time PCR was carried out in duplicate of 10ul volume reactions that
contained 5Sul Fast SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA, USA), 0.25uL each
of 5uM forward and reverse primers, and 3ul of 10-fold diluted cDNA using a 7500 Fast Real-Time
PCR System (Applied Biosystems, Carlsbad, CA, USA). The PCR was performed under the following
conditions: 95°C for 20s and 40 cycles of 90°C for 3s plus 60°C for 30s. A dissociation step consisting
of 95°C for 15s, 60°C for 1 min, 95°C for 15s, and 60°C for 15s was performed at the end of each PCR
reaction to ensure amplicon specificity. Real-time PCR data were analyzed using the AACT method,
where
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ACT = CT target gene — CT actin, and AACT = ACT target sample — ACT calibrator.

The average of the control chicks was used as the calibrator sample. The fold difference was
calculated as 2" ACT,

2.6 Genomic DNA Extraction

Adipose tissue samples were homogenized into a fine powder in liquid nitrogen using a mortar and
pestle and then transferred into a nuclease-free microcentrifuge tube. Genomic DNA was isolated using
the Cells and Tissue DNA Isolation Kit (Norgen Biotek, Thorold, ON, Canada) following the
manufacturer’s instructions. The concentration and purity of the total DNA were assessed using a
Nanophotometer Pearl spectrophotometer (Implen, Westlake Village, CA, USA) at 260/280/230 nm.

2.7 Global DNA Methylation Quantification

Global DNA methylation was quantified using the MethylFlash™ Global DNA Methylation (5-mC)
ELISA Easy Kit (Colorimetric) (Epigentek, Farmingdale, NY, USA) following the manufacturer’s
instructions. The amount of input DNA was 100 ng per reaction. The absorbance was measured at 450
nm, and the percentage of DNA methylation (5-methyl cytosine %; 5-mC%) was calculated using the
formula:

5-mC % = (Sample OD— Negative control OD) + 100 ng DNA input
(Positive control OD— Negative control OD) x 2 + 5 ng Positive control

2.8 Statistical Analysis

Body weight (BW) data were analyzed using the Fit Model of JMP Pro 16 (SAS Institute Inc., Cary,
NC), and the model included the effect of treatment (EHC vs. control), time (0, 2, and 12 hours), and
the interaction between them.

PCR data were analyzed with the Fit Model using JMP Pro 16 (SAS Institute Inc., Cary, NC). For data
at time 0 (baseline), the model included the effect of treatment (control vs. EHC). For analyzing effects
of the heat challenge, the model included the effect of time (0, 2, and 12 hours) within each treatment
group (control and EHC). Initial analyses that included the whole model (2-way ANOVA testing for
effects of incubation treatment, heat challenge time, and 2-way interaction) did not yield any significant
differences; thus, final analyses considered the effects of treatment at baseline, and effects of heat
challenge within treatment.

The 5-mC results were further analyzed using the Fit Model in JMP Pro 16 (SAS Institute Inc., Cary,
NC). The statistical model for the 5-mC data included the effects of treatment (EHC vs control), time
(0, 2, and 12 hours), and the interaction between them.

Tukey’s test was used for all post-hoc comparisons and differences were assigned at P < 0.05.
3 Results

3.1 Growth Performance

As shown in Fig 1, the body weights of the control and EHC chicks were similar. These results indicate
that the EHC and heat challenge did not affect body weight at day 4 post-hatch.
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3.2 Adipose Tissue mRNA

At 0 hours post-heat challenge (Table 2), the relative mRNA expression levels of CCAAT/enhance
binding protein a (C/EBPa), DGAT2, peroxisome proliferator-activated receptor y (PPARY), sterol
regulatory element-binding transcription factor 1 (SREBP1), HSL, and neuropeptide Y (NPY') showed
significant differences between the control and EHC groups. Additionally, Fig 3 and Fig 4 show the
expression of DGAT2 and PPARY respectively across the three timepoints for the EHC chicks. Fig. 3
highlights an elevated expression of DGAT2 at 2 hours post-heat challenge, which returned to levels
similar to those at 0 hours by 12 hours post-heat challenge. In Fig. 4, the expression levels of PPARy
remained constant at the 0 and 2-hour time points. However, expression decreased by 12 hours post-
heat challenge.

3.3 Global DNA Methylation Quantification

As shown in Fig 2, the 5-mC% levels in the 0 and 2-hour timepoints were comparable. However, at 12
hours post heat challenge, the 5-mC% level was elevated compared to the 0 and 2-hour time points and
was significantly different.

4 Discussion

Body weights were not different between the control and embryonic heat-conditioned (EHC) chicks at
any time point measured. This suggests that EHC did not affect body weight during the heat challenge,
which was not surprising given the short timeframe (12 hours). These findings are in contrast with
those of Zhang et al., (2012) who reported that heat stress significantly affected body and breast weights
of Arbor Acres (AA) broilers at 42 days post-hatch subjected to both cyclic (36°C and 23°C for 12-
hour intervals) and constant heat stress (34°C). The disparity could be due to the sampling time which
was day 42 post-hatch compared to 12 hours in our experiment. This observation is supported by
Mashaly et al., (2004) who observed no difference in body weight of pullets subjected to cyclic (23.9°C
for 8 hours and 35°C for 4 hours and the remaining 12 hours as temperature transition) and constant
heat stress (35°C), but after week 5 a difference was apparent.

Several studies have employed heat treatment during the incubation of broiler eggs by intermittently
increasing the incubation temperature to 39.5°C daily (Collin et al., 2005; Loyau et al., 2013; Moraes
et al., 2004; Piestun, Harel, et al., 2009). However, excessively high temperatures are undesirable and
are likely to result in significantly lower hatchability and livability in both broilers and laying hens
(Sgavioli et al., 2016; Yahav, Collin, et al., 2004). In broilers, eggshell temperatures above 38.9°C
during incubation reduce chick quality, as evidenced by lower yolk-free body mass, shorter chick
length, and poor navel conditions (Hulet et al., 2007; Lourens et al., 2005). Furthermore, the organ
weights of broilers, especially the heart, are reduced as a consequence of high incubation temperatures
(Leksrisompong et al., 2007; Lourens et al., 2007). Liu et al., (2020) reported that heat stress negatively
affected feed intake, feed conversion ratio, and consequently body weight gain. Our study agrees with
this since NPY, which is considered an appetite stimulant (Newmyer et al., 2013), was reduced at the
0-hour timepoint in the EHC group.

To the best of our knowledge, there are no reported data on the effect of embryonic heat stress on
adipose tissue mRNA expression in broilers. The analysis of relative mRNA expression levels of key
genes involved in adipose tissue metabolism revealed dynamic changes in response to heat challenge
at different time points. These findings suggest a complex regulatory mechanism underlying the
metabolic response to heat stress in chicks. At 0 hours post-heat challenge, the relative mRNA
expression levels of C/EBPa, DGAT, PPARYy, and SREBP1 were lower in the EHC group compared

5
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to the control, indicating a potential downregulation of adipogenesis-related markers before the start
of heat challenge. Speake et al., (1993) reported that more than 90% of the total energy requirements
of broilers during embryogenesis is obtained from the yolk. This triggers the development of the
subcutaneous fat that becomes visible by E12 which continues to be the main fat depot before the
development of the abdominal fat depot that becomes visible by day 7 post-hatch (Kim & Voy, 2021).
These could explain the lower expression of adipogenesis-related markers in the EHC at 0 hours of the
heat challenge. The duration of the embryonic heat conditioning protocol used in our experiment
coincides with the period of subcutaneous depot development. Higher incubating temperature could
have altered the fatty acid oxidation process from the yolk of the EHC chicks during embryogenesis
and consequently resulted in less fat deposition after hatch.

Our results demonstrate that EHC significantly impacts the expression of adipogenic genes.
Specifically, EHC chicks exhibited an elevated expression of DGAT?2 at 2 hours post-heat challenge,
suggesting a rapid metabolic response to acute thermal stress. DGAT2 is a key enzyme involved in
triglyceride synthesis (Chitraju et al., 2019), and its upregulation may indicate an increased capacity
for lipid storage and mobilization in response to heat stress. By 12 hours post-heat challenge, DGAT2
expression returned to baseline levels, highlighting a transient response likely aimed at restoring
homeostasis. Similarly, the expression of PPARy, a master regulator of adipogenesis (Royan &
Navidshad, 2016), was influenced by EHC. While PPARY levels remained constant at 0 and 2 hours
post-heat challenge, there was a significant decrease in expression by 12 hours. This downregulation
suggests that EHC chicks might have a delayed or attenuated adipogenic response to prolonged heat
stress, potentially as a protective mechanism to prevent excessive lipid accumulation under thermal
stress conditions.

The analysis of global DNA methylation in the subcutaneous adipose tissue revealed 5-mC% levels
were similar at 0 and 2 hours post-heat challenge. However, at 12 hours post-heat challenge, the 5-
mC% levels significantly increased. This delayed elevation in DNA methylation suggests an adaptive
epigenetic response to prolonged heat stress, potentially impacting gene expression related to stress
adaptation and metabolic regulation. Previous reports have demonstrated that environmental stressors
can induce DNA methylation changes, affecting stress response and metabolic pathways (Feinberg &
Irizarry, 2010; Provengal & Binder, 2015). In our study, the observed increase in 5-mC% levels
suggests that these methylation changes may play a role in altering gene expression patterns associated
with adipose tissue development and metabolic programming in EHC chicks. Specifically, elevated
DNA methylation in key regulatory regions could suppress the expression of genes involved in
adipogenesis and lipid metabolism, potentially leading to altered fat deposition and metabolic profiles
in these chicks.

Understanding the molecular response to heat stress in adipose tissue is essential for developing
strategies to improve heat tolerance and mitigate the negative effects of heat stress on poultry
production. Our findings highlight the importance of DNA methylation and other epigenetic
modifications in regulating the stress response and metabolic pathways in chicks. Future research
should focus on identifying the specific regulatory pathways involved in this process, such as heat
shock proteins, inflammatory signaling, and metabolic reprogramming. Additionally, investigating
potential interventions, such as nutritional supplements, genetic selection, and management practices,
could provide practical solutions to enhance heat tolerance in poultry. By elucidating these mechanisms
and developing targeted strategies, we can improve animal welfare and productivity in the poultry
industry, particularly in the face of increasing global temperatures.



250

251
252
253
254

255
256
257
258

259
260
261

262
263
264

265
266
267

268
269
270
271

272
273
274

275
276
277

278
279
280

281
282
283

284
285
286
287

5 References

Al-Zghoul, M. B. (2018). Thermal manipulation during broiler chicken embryogenesis increases
basal mRNA levels and alters production dynamics of heat shock proteins 70 and 60 and heat
shock factors 3 and 4 during thermal stress. Poultry Science, 97(10), 3661-3670.
https://doi.org/10.3382/ps/pey225

Bernardi, O., Estienne, A., Reverchon, M., Bigot, Y., Froment, P., & Dupont, J. (2021). Adipokines
in metabolic and reproductive functions in birds: An overview of current knowns and

unknowns. Molecular and Cellular Endocrinology, 534.
https://doi.org/10.1016/;.mce.2021.111370

Chitraju, C., Walther, T. C., & Farese, R. V. (2019). The triglyceride synthesis enzymes DGAT1 and
DGAT?2 have distinct and overlapping functions in adipocytes. Journal of Lipid Research,
60(6), 1112—-1120. https://doi.org/10.1194/j1r.M093112

Claire D’Andre, H., Paul, W., Shen, X, Jia, X., Zhang, R., Sun, L., & Zhang, X. (2013).
Identification and characterization of genes that control fat deposition in chickens. Journal of
Animal Science and Biotechnology, 4(1), 43. https://doi.org/10.1186/2049-1891-4-43

Collin, A., Picard, M., & Yahav, S. (2005). The effect of duration of thermal manipulation during
broiler chick embryogenesis on body weight and body temperature of post-hatched chicks.
Animal Research, 54(2), 105-111. https://doi.org/10.1051/animres:2005004

Connolly, G., Clark, C. M., Campbell, R. E., Byers, A. W., Reed, J. B., & Campbell, W. W. (2022).
Poultry consumption and human health: how much is really known? A systematically searched
scoping review and research perspective. Advances in Nutrition, 13(6), 2115-2124.
https://doi.org/10.1093/advances/nmac074

Farghly, M., Mahrose, K., Abougabal, M., Taboosha, M., & Ali, R. (2022). Early heat acclimation
during incubation improves Japanese quail performance under summer conditions. Veterinary
Research Communications, 46(1), 93—100. https://doi.org/10.1007/s11259-021-09832-0

Feinberg, A. P., & Irizarry, R. A. (2010). Stochastic epigenetic variation as a driving force of
development, evolutionary adaptation, and disease. Proceedings of the National Academy of
Sciences, 107(suppl_1), 1757—-1764. https://doi.org/10.1073/pnas.0906183107

Fouad, A. M., & El-Senousey, H. K. (2014). Nutritional factors affecting abdominal fat deposition in
poultry: A review. Asian-Australasian Journal of Animal Sciences, 27(7), 1057-1068.
https://doi.org/10.5713/ajas.2013.13702

Halevy, O., Yahav, S., & Rozenboim, 1. (2006). Enhancement of meat production by environmental
manipulations in embryo and young broilers. In World’s Poultry Science Journal (Vol. 62, Issue
3). https://doi.org/10.1079/WPS2005110

Hulet, R., Gladys, G., Hill, D., Meijerhof, R., & El-Shiekh, T. (2007). Influence of egg shell
embryonic incubation temperature and broiler breeder flock age on posthatch growth
performance and carcass characteristics. Poultry Science, 86(2), 408—412.
https://doi.org/10.1093/ps/86.2.408



288
289
290

291
292
293

294
295
296

297
298
299

300
301
302

303
304
305
306
307

308
309
310
311
312

313
314
315

316
317
318
319
320

321
322
323
324

325
326

Kim, M., & Voy, B. H. (2021). Fighting fat with fat: n-3 polyunsaturated fatty acids and adipose
deposition in broiler chickens. In Frontiers in Physiology (Vol. 12). Frontiers Media S.A.
https://doi.org/10.3389/fphys.2021.755317

Leksrisompong, N., Romero-Sanchez, H., Plumstead, P. W., Brannan, K. E., & Brake, J. (2007).
Broiler incubation. 1. Effect of elevated temperature during late incubation on body weight and
organs of chicks. Poultry Science, 86(12), 2685-2691. https://doi.org/10.3382/ps.2007-00170

Liu, L., Ren, M., Ren, K., Jin, Y., & Yan, M. (2020). Heat stress impacts on broiler performance: a
systematic review and meta-analysis. Poultry Science, 99(11), 6205-6211.
https://doi.org/10.1016/J.PSJ.2020.08.019

Lourens, A., van den Brand, H., Heetkamp, M. J. W., Meijerhof, R., & Kemp, B. (2007). Effects of
eggshell temperature and oxygen concentration on embryo growth and metabolism during
incubation. Poultry Science, 86(10), 2194-2199. https://doi.org/10.1093/ps/86.10.2194

Lourens, A., van den Brand, H., Meijerhof, R., & Kemp, B. (2005). Effect of eggshell temperature
during incubation on embryo development, hatchability, and posthatch development. Poultry
Science, 84(6), 914-920. https://doi.org/10.1093/ps/84.6.914

Loyau, T., Berri, C., Bedrani, L., Métayer-Coustard, S., Praud, C., Duclos, M. J., Tesseraud, S.,
Rideau, N., Everaert, N., Yahav, S., Mignon-Grasteau, S., & Collin, A. (2013). Thermal
manipulation of the embryo modifies the physiology and body composition of broiler chickens
reared in floor pens without affecting breast meat processing qualityl. Journal of Animal
Science, 91(8), 3674-3685. https://doi.org/10.2527/jas.2013-6445

Loyau, T., Hennequet-Antier, C., Coustham, V., Berri, C., Leduc, M., Crochet, S., Sannier, M.,
Duclos, M. J., Mignon-Grasteau, S., Tesseraud, S., Brionne, A., Métayer-Coustard, S., Moroldo,
M., Lecardonnel, J., Martin, P., Lagarrigue, S., Yahav, S., & Collin, A. (2016). Thermal
manipulation of the chicken embryo triggers differential gene expression in response to a later
heat challenge. BMC Genomics, 17(1). https://doi.org/10.1186/s12864-016-2661-y

Mashaly, M. M., Hendricks, G. L., Kalama, M. A., Gehad, A. E., Abbas, A. O., & Patterson, P. H.
(2004). Effect of heat stress on production parameters and immune responses of commercial
laying hens 1. Poultry Science, 889-894.

Moraes, V. M. B., Malheiros, R. D., Bruggeman, V., Collin, A., Tona, K., Van As, P., Onagbesan, O.
M., Buyse, J., Decuypere, E., & Macari, M. (2004). The effect of timing of thermal conditioning
during incubation on embryo physiological parameters and its relationship to thermotolerance in
adult broiler chickens. Journal of Thermal Biology, 29(1), 55-61.
https://doi.org/10.1016/J.JTHERBIO.2003.10.006

Newmyer, B. A., Nandar, W., Webster, R. L., Gilbert, E., Siegel, P. B., & Cline, M. A. (2013).
Neuropeptide Y is associated with changes in appetite-associated hypothalamic nuclei but not
food intake in a hypophagic avian model. Behavioural Brain Research, 236(1), 327-331.
https://doi.org/10.1016/J.BBR.2012.08.015

OECD and FAO. (2021). OECD-FAO Agricultural Outlook 2021-2030. OECD.
https://doi.org/10.1787/19428846-en



327
328
329

330
331
332

333
334
335
336

337
338
339

340
341
342
343

344
345
346

347
348
349
350

351
352
353
354

355
356
357

358
359
360
361

362
363

Petracci, M., Mudalal, S., Soglia, F., & Cavani, C. (2015). Meat quality in fast-growing broiler
chickens. World’s Poultry Science Journal, 71(2), 363-374.
https://doi.org/10.1017/S0043933915000367

Piestun, Y., Halevy, O., & Yahav, S. (2009). Thermal manipulations of broiler embryos-The effect
on thermoregulation and development during embryogenesis. Poultry Science, 88(12), 2677—
2688. https://doi.org/10.3382/ps.2009-00231

Piestun, Y., Harel, M., Barak, M., Yahav, S., & Halevy, O. (2009). Thermal manipulations in late-
term chick embryos have immediate and longer term effects on myoblast proliferation and
skeletal muscle hypertrophy. Journal of Applied Physiology, 106(1), 233-240.
https://doi.org/10.1152/japplphysiol.91090.2008

Provencal, N., & Binder, E. B. (2015). The effects of early life stress on the epigenome: From the
womb to adulthood and even before. Experimental Neurology, 268, 10-20.
https://doi.org/10.1016/j.expneurol.2014.09.001

Rajkumar, U., Vinoth, A., Shanmugam, M., Rajaravindra, K. S., & Rama Rao, S. V. (2015). Effect of
embryonic thermal exposure on heat shock proteins (HSPs) gene expression and serum T3

concentration in two broiler populations. Animal Biotechnology, 26(4), 260-267.
https://doi.org/10.1080/10495398.2015.1022183

Royan, M., & Navidshad, B. (2016). Peroxisome proliferator-activated receptor gamma (PPARY), a
key regulatory gene of lipid metabolism in chicken. World’s Poultry Science Journal, 72(4),
773—784. https://doi.org/10.1017/S0043933916000684

Sgavioli, S., Santos, E., Domingues, C., Quadros, T., Castiblanco, D., Andrade-Garcia, G., Amoroso,
L., Néads, L., Garcia, R., & Baraldi-Artoni, S. (2016). Effect of high incubation temperature on
the blood parameters of layer chicks. Revista Brasileira de Ciéncia Avicola, 18(spe2), 41-47.
https://doi.org/10.1590/1806-9061-2015-0095

Speake, B. K., Noble, R. C., & McCartney, R. J. (1993). Tissue-specific changes in lipid composition
and lipoprotein lipase activity during the development of the chick embryo. Biochimica et
Biophysica Acta (BBA) - Lipids and Lipid Metabolism, 1165(3), 263-270.
https://doi.org/10.1016/0005-2760(93)90135-V

Yahav, S., Collin, A., Shinder, D., & Picard, M. (2004). Thermal manipulations during broiler chick
embryogenesis: effects of timing and temperature. Poultry Science, 83(12), 1959—1963.
https://doi.org/10.1093/ps/83.12.1959

Yahav, S., Rath, R. S., & Shinder, D. (2004). The effect of thermal manipulations during
embryogenesis of broiler chicks (Gallus domesticus) on hatchability, body weight and
thermoregulation after hatch. Journal of Thermal Biology, 29(4-5), 245-250.
https://doi.org/10.1016/J.JTHERBIO.2004.03.002

Yang, S. M. (2021). Thermal stress and muscle development in early posthatch broilers. Korean
Journal of Poultry Science, 48(4), 255-265. https://doi.org/10.5536/kjps.2021.48.4.255



364
365
366

367
368
369

370

371

372
373

374

375

376

377

378

Zhang, Z. Y., Jia, G. Q., Zuo, J. J., Zhang, Y., Lei, J., Ren, L., & Feng, D. Y. (2012). Effects of
constant and cyclic heat stress on muscle metabolism and meat quality of broiler breast fillet and
thigh meat. Poultry Science, 91(11), 2931-2937. https://doi.org/10.3382/ps.2012-02255

Zuidhof, M. J., Schneider, B. L., Carney, V. L., Korver, D. R., & Robinson, F. E. (2014). Growth,
efficiency, and yield of commercial broilers from 1957, 1978, and 2005. Poultry Science,
93(12), 2970-2982. https://doi.org/10.3382/PS.2014-04291

6 Conflict of Interest

The authors declare that the research was conducted in the absence of any commercial or financial
relationships that could be construed as a potential conflict of interest.

7 Author Contributions
8 Funding

9 Acknowledgments

10



379

380

381

382

383

384

385

386

387

388

389

390

391

392
393
394
395
396
397
398

399

400

120

u Control EHC

100

80 -

60 -

Body weight (g)

20 A

0-hour 2-hours 12-hours

Heat challenge

Fig 1: Effect of heat challenge within time on body weight of control and embryonic heat condition (EHC)
chicks on day 4 post-hatch. Data (n = 15/group) were analyzed using the Fit Model of jMP and presented
as means = SEM. Chicks hatched at 37.8°C (Control) from day 0 to day 18.5 (EO to E18.5) or intermittent
increase in temperature to 39.5°C and 80% relative humidity from E7 to E16 for 12 hours - 07:30-19:30
(EHC). Candling at E18.5 and temperature set to 36.9°C and 50% relative humidity until hatch. Heat
challenge = 36°C using three time points: 0 (no heat challenge serving as a control), and 2 and 12 hours
relative to the start of the challenge.
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Fig 2: Effect of heat challenge on global DNA methylation (5-methyl cytosine percentage; 5-mC%) in
the subcutaneous adipose tissue of control and embryonic heat condition (EHC) chicks on day 4 post-
hatch. Data (n = 10/timepoint) were analyzed using the Fit Model of jMP and presented as means =+
SEM. Different superscripts between timepoints show a difference at P<0.05; Tukey’s test. Chicks
hatched at 37.8°C (Control) from day 0 to day 18.5 (EO to E18.5) or intermittent increase in temperature
to 39.5°C and 80% relative humidity from E7 to E16 for 12 hours - 07:30-19:30 (EHC). Candling at
E18.5 and temperature set to 36.9°C and 50% relative humidity until hatch. Heat challenge = 36°C using
three time points: 0 (no heat challenge serving as a control), and 2 and 12 hours relative to the start of

the challenge.
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Fig 4: Effect of heat challenge on mRNA abundance of PPARY in the subcutaneous adipose tissue of
embryonic heat condition (EHC) chicks on day 4 post-hatch. Data (n = 15/timepoint) was analyzed
using the Fit Model of jMP and presented as means = SEM. Different superscripts between timepoints
show a difference at P<0.05; Tukey’s test. Chicks hatched at 37.8°C (Control) from day 0 to day 18.5
(EO to E18.5) or intermittent increase in temperature to 39.5°C and 80% relative humidity from E7 to
E16 for 12 hours - 07:30-19:30 (EHC). Candling at E18.5 and temperature set to 36.9°C and 50%
relative humidity until hatch. Heat challenge = 36°C using three time points: 0 (no heat challenge
serving as a control), and 2 and 12 hours relative to the start of the challenge.
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473 Table 1: Primers for real-time PCR.!

Gene Sequences (forward/reverse) Accession No.
B-actin GTCCACCGCAAATGCTTCTAA/TGCGCATTTATGGGTTTTGTT NM 205518.2
C/EBPa CGCGGCAAATCCAAAAAG/GGCGCACGCGGTACTC NM_001031459.2
C/EBPp GCCGCCCGCCTTTAAA/CCAAACAGTCCGCCTCGTAA NM 205253.3
DGAT2 TTGGCTTTGCTCCATGCAT/CCCACGTGTTCGAGGAGAA XM_040661932.1
LPL GACAGCTTGGCACAGTGCAA/CACCCATGGATCACCACAAA NM_205282.2

PPARy CACTGCAGGAACAGAACAAAGAA/TCCACAGAGCGAAACTGACATC NM_001001460.2

SREBPI CATCCATCAACGACAAGATCGT/CTCAGGATCGCCGACTTGTT NM_204126.3
HSL GCGGTGCTGAGGGAGTAC/CCCGAGACACCTCCCATAGA XM_040657096.1
ATGL GCCTCTGCGTAGGCCATGT/GCAGCCGGCGAAGGA NM_001113291.2
MGLL GCGGACGAGCGTAGACTCA/GGGAATAGCCTGGTTTGCAA NM_001277142.2
NPY CATGCAGGGCACCATGAG/CAGCGACAAGGCGAAAGTC NM_205473.2

474

475 ! Abbreviation: C/EBPa: CCAAT/enhance binding protein a; C/EBPB: CCAAT/enhancer binding protein B; DGAT2:
476 diacylglycerol O-acyltransferase 2; LPL: lipoprotein lipase; PPARY: peroxisome proliferator-activated receptor y; SREBP1:
477 sterol regulatory element-binding transcription factor 1; HSL: hormone-sensitive lipase; ATGL: adipose triglyceride lipase;

478  MGLL: monoacylglycerol lipase; NPY: Neuropeptide Y.
479

480
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Table 2: Means and standard errors of heat challenge on relative mRNA abundance of adipocyte factors in subcutaneous adipose tissue.

Timepoints! | C/EBPa C/EBPp DGAT2 LPL PPARy SREBPI HSL ATGL MGLL NPY

0 hour

Control 1.16+0.15 | 1.07+£0.11 | 1.44+0.25 | 1.36+0.24 | 2.25+0.26 | 1.32+0.18 | 0.76+0.19 | 1.06+0.21 | 1.09+0.13 | 1.25+0.15
Treatment 0.61+0.17 | 0.99+0.11 | 0.69+0.23 | 1.21+0.24 | 1.38+0.24 | 0.75+0.18 | 1.32+0.18 | 1.284¢0.21 | 1.03+0.13 | 0.75+0.16
P-value 0.0260 0.6286 0.0416 0.6650 0.0209 0.0355 0.0442 0.4510 0.7311 0.0331

'Values represent means and standard errors of the means with associated P-values for the effect of embryonic heat treatment on adipose tissue depot (n = 15/group).

Abbreviation: C/EBPa: CCAAT/enhance binding protein a; C/EBPB: CCAAT/enhancer binding protein §; DGAT2: diacylglycerol O-acyltransferase 2; LPL: lipoprotein lipase;
PPARy: peroxisome proliferator-activated receptor y; SREBP1: sterol regulatory element-binding transcription factor 1; HSL: hormone-sensitive lipase; ATGL: adipose triglyceride
lipase; MGLL: monoacylglycerol lipase; NPY: Neuropeptide Y.
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