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Abstract 

Due to high environmental temperatures and climate change, heat stress is a severe concern for poultry health 
and production, increasing the propensity for food insecurity. With climate change causing higher temperatures 
and erratic weather patterns in recent years, poultry are increasingly vulnerable to this environmental stressor. To 
mitigate heat stress, nutritional, genetic, and managerial strategies have been implemented with some success. How-
ever, these strategies did not adequately and sustainably reduce the heat stress. Therefore, it is crucial to take proac-
tive measures to mitigate the effects of heat stress on poultry, ensuring optimal production and promoting poultry 
well-being. Embryonic thermal manipulation (TM) involves manipulating the embryonic environment’s temperature 
to enhance broilers’ thermotolerance and growth performance. One of the most significant benefits of this approach 
is its cost-effectiveness and saving time associated with traditional management practices. Given its numerous advan-
tages, embryonic TM  is a promising strategy for enhancing broiler production and profitability in the poultry industry. 
TM increases the standard incubation temperature in the mid or late embryonic stage to induce epigenetic thermal 
adaption and embryonic metabolism. Therefore, this review aims to summarize the available literature and scientific 
evidence of the beneficial effect of pre-hatch thermal manipulation on broiler health and performance.
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Introduction
Climate change has a threatening effect on the envi-
ronment, animal production, and human health in the 
world. The Intergovernmental Panel on Climate Change 
reported that the environmental temperature had risen 
1.53 ºC from 1850–1900 to 2006–2015 [1]. From 2011 to 
2020, the average global surface temperature was 1.09 °C 
higher than between 1850 and 1900 [2]. This increasing 
temperature will likely generate hot climate conditions, 

especially in tropical areas. Between 2030 and 2050, 
global warming will probably reach another 1.5 °C if it 
increases continuously at the current rate [3]. As global 
warming increases, it is anticipated that every coun-
try will experience more simultaneous and complicated 
alterations in the climatic effect drivers. Climate change 
can have adverse effects on the animal health, which can 
result in far-reaching consequences for human health, 
livelihoods, productivity, and greenhouse gas emissions. 
To cope with climate change, the genes of animals and 
plants are influenced by phenotypic plasticity, which 
enables a gene to produce different phenotypes based on 
environmental, biotic, and abiotic conditions [4].

Among the domesticated birds, poultry is the most 
important, which we raise for meat, eggs, or feath-
ers. Poultry meat and egg consumption will be doubled 
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by 2050 [5]. In recent years, poultry genetics has dra-
matically improved to maintain this vast demand–sup-
ply chain. The chicken weighed 905  g in 56  d in 1957; 
in 2005, it weighed 4,202 g in 56 d, around a 400% hike 
in growth rate. It also saw a 50% reduction in the feed 
conversion ratio during this time [6]. To increase this 
weight, the broiler needs a higher metabolic rate. Chick-
ens need to feed rapidly to maintain a higher meta-
bolic rate. This elevated feeding frequency can raise 
core body temperature [7]. In addition, higher stocking 
density, no sweat glands, and exposure to high ambient 
temperatures harm poultry, making birds vulnerable to 
heat stress (HS). It can impact physiological pathways 
through genes that encode leptin, thyroid hormone 
receptor, insulin growth factor-1, and growth hormone 
receptor. It can also cause immunological and behavioral 
changes, which negatively impact the production perfor-
mance of poultry [4]. HS increases the feed conversion 
ratio and reduces body weight (BW), feed intake, overall 
growth performance, and carcass quality, which is harm-
ful to both the poultry industry and consumer health [8]. 
This decreased growth performance leads to a significant 
economic loss in the chicken industry [9–12]. In early 
2000, heat stress caused economic losses of $128–160 
million in the US poultry industry and $1.69–2.20 billion 
in the US animal industry [13].

Several strategies have been used to mitigate this heat 
stress effect in poultry. For example, different feeding 
strategies and nutritional manipulation types have been 
tested. Supplementation of vitamins, minerals, electro-
lytes, phytochemicals, and osmolytes is notable. Also, 
the genetic approach and different managerial strate-
gies like ventilation, housing, reducing stocking density, 
surface wetting techniques, and litter management are 
significantly critical [9, 11, 14–17]. One effective way to 
mitigate heat stress is to breed animals with high heat 
tolerance. This can be done by selecting individuals from 
highly productive populations that are already heat-toler-
ant, rather than relying on crossbreeding or introgression 
with local breeds [18]. However, thermal manipula-
tion (TM) is another very effective strategy that can miti-
gate the consequences of heat stress on the body.

TM of chicken embryos at an early developmental 
stage is acknowledged as a unique management strategy 
that aids quickly developing broiler chicks to adapt to 
unfavorable environmental conditions [19]. A program 
of early heat exposure during embryonic development 
has been proposed to promote avian thermal toleration 
and well-being without affecting post-hatch develop-
ment [20]. As an example, during embryogenesis, the TM 
treatment consists of increasing the egg incubation tem-
perature to 39.5  °C for 12  h/d, as contrasted to 37.8  °C 
under conventional settings, during the development 

of the hypothalamic-pituitary-thyroid axis  (HPT-axis) 
between embryonic day (ED) 7 and ED 16; hatching 
is around ED 21 [20, 21]. Heat stress at slaughter age 
(5–6  weeks) modifies physiological parameters in broil-
ers, reducing internal temperature and increasing heat 
tolerance, with little impact on chick performance.

Several models are suggested for improving the ther-
motolerance of birds, such as acclimation [22], regulation 
of the production of heat shock proteins [23], thermal 
conditioning at an early age [24], and TM at different 
stages of embryogenesis in the broiler. According to stud-
ies, exposing embryos to low or high temperatures dur-
ing development can enhance their ability to adapt to 
cold or hot environmental conditions later in life [22–30].

As there is scientific evidence about the beneficial 
effects of TM in embryonic stages, it is high time to 
review the results of TM in different stages of broiler life 
for researchers and the poultry industry. Therefore, the 
overarching goal of this review paper is (1) to summa-
rize the available literature on TM and (2) its beneficial 
impact on poultry health and production performance.

Thermoregulation in poultry
In avian species, the thermoregulatory system is controlled 
by both neural processes and hormonal interaction. To 
understand the TM technique, it is essential to under-
stand the thermoregulatory mechanism in poultry clearly. 
The HPT-axis and the hypothalamic-pituitary-adrenal axis 
(HPA-axis) must be regarded in this crucial event during 
the prenatal and perinatal life of birds [31]. The hypothala-
mus is primarily responsible for coordinating thermoregu-
lation in birds [32]. It has been determined that the preoptic 
anterior hypothalamic (PO/AH) region of the brain is 
highly responsive to variations in its local tissue tempera-
ture. These cells are called ‘thermoresponsive neurons’ or 
‘thermoreceptors’ and are classified as insensitive, warm-
sensitive, and cold-sensitive [33]. The preoptic region, 
located inside and close to the rostral hypothalamus, serves 
as a coordinating center and exerts major impacts on each 
lower effector area. Some neurons in the preoptic region 
are sensitive to minute variations in hypothalamic core 
temperature. In addition to receiving abundant somatosen-
sory input from cutaneous and spinal thermoreceptors, 
thermosensitive preoptic neurons also receive a substantial 
amount of somatosensory input. In this manner, preoptic 
neurons compare and integrate central and peripheral ther-
mal information. Due to this sensory integration and its 
control over lower effector areas, the preoptic region trig-
gers thermoregulatory responses that are optimal for inter-
nal and external thermal conditions [33].

Thermoreceptor stimulation is triggered by PO/AH. 
Then, PO/AH activates the hypothalamic paraven-
tricular nucleus (PVN), which increases the synthesis 
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and secretion of the thyrotropin-releasing hormone 
(TRH). The avian thyroid gland is controlled primarily 
by the HPT-axis. Thyroid hormones (THs, triiodothy-
ronine,  T3, thyroxine, and  T4) are the most crucial hor-
mones regulating thermogenesis; this relationship was 
established in the late 1950s [34]. The avian hypothala-
mus secretes TRH and somatotropin release-inhibit-
ing hormone (SRIH), which stimulate and inhibit the 
pituitary gland, respectively [31]. TRH stimulates the 
anterior pituitary thyrotrophs to release thyroid stimu-
lating hormone (TSH)  that interacts with thyroid fol-
licular cell membrane receptors. This increases the 
production and secretion of thyroid hormone (pri-
marily  T4).  T4 is the precursor form of the biologically 
active form  T3. Deiodinase enzymes (DIO1 and DIO2) 
convert  T4 to  T3 within tissues. A negative feedback 
mechanism of  T3 modulates TSH secretion by the 
pituitary in addition to hypothalamic TRH [35]. In 
contrast, cold exposure can promote the conversion of 
 T4 to  T3 (and less to inactive reverse  T3) by deiodinase 
enzymes (DIO3) in tissues, particularly the liver, which 
increases circulating  T3 concentration.  T3 attaches to 
nuclear and mitochondrial receptors in tissues and 

modulates gene expression to control metabolic rates 
and respiration [36].

In addition, the hypothalamus generates cortico-
tropin-releasing  hormone (CRH) as a part of stress 
response. The anterior pituitary produces adrenocorti-
cotropic hormone, which the hypothalamus stimulates. 
The release of adrenocorticotropic hormone stimulates 
the adrenal cortex, resulting in a spike in corticoster-
one, a hormone that exerts  negative feedback on both 
the hypothalamus and the pituitary gland [37]. Through 
the specific CRH-receptor 2, CRH also stimulates 
the anterior pituitary to produce TSH in 19-day-old 
chicken embryos, indicating that the HPT and HPA-
axes interact strongly throughout prenatal phases [38] 
(Fig. 1).

Heat stress response in poultry
The heat shock response (HSR) is one of the primary 
adaptive stress responses of cell homeostasis restoration 
following proteotoxic stress, such as heat shock, cold, 
oxidative stress, hypoxia, toxins, compounds, and path-
ogens [39]. The cellular stress response is dependent on 
the structure and function of proteins. One of the most 

Fig. 1 Mechanism of thermoregulation in poultry (Created by Biore nder. com)

https://www.biorender.com/
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prevalent characteristics of the cellular stress response is 
the production of heat shock proteins (HSPs) in response 
to stressors. HSPs can significantly alter the physiologi-
cal stress response and promote tolerance [40, 41]. HSPs 
are a diverse class of molecular chaperones with vari-
ous molecular weights and biological roles.  Small HSPs 
(molecular weight 540  kDa) and the HSP60, HSP70, 
HSP90, and HSP100 protein families are typical divi-
sions of HSPs. These families all operate as chaperones, 
facilitating the folding, unfolding, and refolding of newly 
formed or stressed-out proteins to stop erroneous fold-
ing and additional deterioration and damage [42]. At the 
transcriptional level, heat shock response is primarily 
regulated by four heat shock transcription factors (HSFs), 
including HSF1, HSF2, HSF3, and HSF4 [43]. The HSP–
HSF complex dissociates to an active state in the cytosol 
during stress. Once activated, they get hyperphosphoryl-
ated by protein kinases, translocated to the nucleus, and 
trimerized [44]. The HSF–HSF-phosphorylated trimer 
complex reaches the nucleus and activates the HSP gene 
by binding to the heat shock element found in the pro-
moter of the HSP gene. HSP mRNA is then translated 
and released from the nucleus to the cytosol, where new 
HSP is synthesized. This results in the proliferation of 

HSPs within the cell, which assists in refolding the dam-
aged proteins [45] (Fig. 2).

Heat shock proteins are one of the most critical indi-
cators of heat stress in the body. A list of essential heat 
shock proteins and genes is shown in Table 1.

Mechanism of TM
The distinctive nature of the primary germ cells in chick-
ens presents unique possibilities for modifying the epi-
genome of the developing embryo by manipulating its 
environment during the early stages. Embryonic TM in 
poultry primarily functions by triggering epigenetic alter-
ations [51]. Epigenetic modifications refer to alterations 
in the phenotype that are not associated with changes in 
the DNA sequence [52]. These alterations are crucial for 
governing cellular differentiation and organism develop-
ment. Epigenetics controls the utilization of an animal’s 
genetic potential in this scenario. The primary epigenetic 
mechanisms encompass microRNA activity, DNA meth-
ylation, and histone alteration. TM predominantly influ-
ences epigenetic modifications in broiler embryos via 
DNA methylation and histone modification [53]. DNA 
methylation is the most extensively researched epigenetic 
process. This reliable epigenetic indicator can be passed 

Fig. 2 Mechanism of heat shock factor (HSF) in the body (Created by Biore nder. com)

https://www.biorender.com/
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down through multiple rounds of cell division [54]. DNA 
methylation primarily takes place at the dinucleotide site 
of promoter CpG. When DNA methyltransferase is pre-
sent, cytosine’s 5′ carbon site forms a covalent bond with 
a methyl group, forming 5-methylcytosine (5mc). CpG 
methylation in the distal region of the promoter hinders 
protein binding at these methylated sites, thereby imped-
ing gene transcription. DNA demethylation is reliant on 
the activity of the ten-eleven translocation enzyme fam-
ily, which can  transform 5-methylcytosine (5mc) into 
5-hydroxymethylcytosine (5hmc). This conversion is a 
crucial step in the demethylation process [55]. Histone 
acetylation is a process that alters the structure of chro-
matin and plays a role in DNA replication and repair, 
gene transcription, and the suppression of heterochro-
matin. Histone deacetylase is an enzymatic catalyst that 
eliminates the acetyl moiety from histone proteins bound 
to DNA. This hinders the accessibility of DNA to tran-
scription factors [56]. Two post-translational modi-
fications of histones, H3K4me3 and H3K27me3, are 
present in brain and muscle tissues and contribute to the 
environmental memory of eukaryotes, H3K4me3 and 
H3K27me3 are found in the brain and muscle tissues and 
contribute to eukaryotes’ environmental memory. The 
hypothalamus has 785 H3K4me3 and 148 H3K27me3 
differential peaks (DP), including genes important in 
neurodevelopment, metabolism, and gene regulation. In 
TM animals, most DP had decreased signals for markings 
and tissues. H3K4me3 DP was detected in the hypothala-
mus mostly at transcription start sites, the first exon, and 
the first intron of genes. Only DP outside of genes was 
found to be underrepresented, suggesting that H3K4me3 

alterations occurred preferentially within genes inside 
the hypothalamus of TM animals. However, H3K27me3 
hypothalamic DP was equally scattered across the body 
of genes, most likely due to the larger peak sizes. The 
response of chicken embryos to pre-hatch TM is partially 
regulated by hypothalamic epigenetic alterations, which 
may contribute to post-hatch thermal acclimatization 
[57] (Fig. 3).

The process of heat acclimation may be influenced by 
epigenetic regulation of gene expression. This mecha-
nism may impact the expression of specific crucial 
genes in response to heat, thereby regulating phenotypic 
changes and facilitating the development of heat toler-
ance. However, the exact molecular mechanism of TM is 
still incomplete. There is very little information available. 
Additional research is required to explore the potential 
connections between TM and epigenetic modification.

Application of TM
The classic Hamburger and Hamilton Staging Table is 
extensively used to classify the 46 stages of chick embryo 
development. Different prominent morphological changes 
and developmental characteristics were used to classify 
distinct phases of development. The development of the 
primitive streak characterizes the initial phases (1 to 6 
stages from 0 to 24 h). The middle phases (7 to 14 stages 
from 24 to 53 h) are primarily defined by the number of 
somites and associated characteristics. The late develop-
mental stages (15 to 45 from 53  h till hatch) are distin-
guished by various morphological traits and categorized 
by standard measurable characteristics [58].

Fig. 3 Mechanism of thermal manipulation (TM) in poultry (Created by Biore nder. com)

https://www.biorender.com/
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The best timeline to implement the TM strategy 
is the mid or late embryonic stage. At ED 15 and 20, 
the embryo can respond to variations in incubation 
temperature. In this period,  thermoregulation occurs 
as a negative feedback control system [59]. The early 
embryonic stage might not be practical because, at 
that stage, the hypothalamus has not yet been devel-
oped to acquire the epigenetic change during the TM. 
Therefore, it is crucial to know all the stages of embryo-
genesis for a successful thermal manipulation strategy 
(Table 2).

Researchers have tried different TM strategies for an 
extended period. Some common TM temperatures and 
timelines are shown in Fig. 4.

Effect of TM on poultry health and production
Significant physiological changes that take place in the 
TM birds are:

Effects of TM on hatchability
Fertility and hatchability are two main factors that sig-
nificantly impact the availability of day-old chicks. Fertil-
ity indicates the percentage of fertile eggs out of all the 
eggs after candling, whereas hatchability refers to the 
rate at which fertile eggs hatch after incubation. Strain, 
nutrition, health, egg size, weight and quality, and egg 
storage conditions impact hatchability in broiler chicken 
production—also, too high an incubation temperature 
results in lower hatchability [63]. However, the impact 

of an increase in incubation temperature on hatchability 
is contingent on the duration and magnitude of the tem-
perature increase. Moreover, the stage of embryogenesis 
at which the temperature change occurs. Various experi-
ments using a short-term temperature rise during multi-
ple stages of incubation have shown conflicting findings 
regarding hatchability and hatching time. Continuous 
TM (24 h/d) caused reduced hatchability (only 63%) and 
delayed hatching with lower BW because extended and 
constant exposure to TM  resulted  in inadequate yolk 
sac absorption. However, intermitted TM (12 h) did not 
affect chick quality or hatchability (83%) [64]. TM at 
39.5 °C and 65% RH for 12  h from ED 7 to ED 16 sig-
nificantly increases embryo mortality and decreases 
hatchability compared to 37.5 °C and 56% RH [65]. The 
elevated eggshell temperature observed in the TM group 
following ED 11 indicates that the embryo’s growth was 
constrained during the 12 h exposure to TM. The meas-
urement of eggshell temperature is utilized to measure 
the temperature encountered by the embryo. This meas-
urement is directly correlated with the metabolic activity 
of the embryo during the latter portion of the incubation 
period [66]. This might be the reason for lower hatch-
ability and higher embryo mortality. In a study, (38.2 to 
38.4 °C at ED 18–21 for 24  h/d) and (38.2 to 38.4 ℃ at 
ED18–21 for 2 h/d) incubation period has shown no sig-
nificant difference in hatchability (around 95%). However, 
transient warmth simulation improved hatchability by 
more than 1.5% [67]. However, hatchability was reduced 
when hatching eggs were exposed to high temperatures 

Table 2 Important changes during embryogenesis in chicken

Days Development Stages References

1 and 2 The heart is formed and starts beating. Central nervous system (CNS) formation began [58, 60–62]

3 The limbs burgeon from the wings, and the auditory cleft is established, indicating the development of the skeletal muscular 
system. Embryo movement represents the interaction of skeletal, muscular, and nervous systems

4 Joint cavity, cartilage, and bone formation

5 and 6 The emergence of reproductive organs, sexual differentiation, and initiation of voluntary movements starts

7 The heart is entirely enclosed within the thoracic cavity, and feather filaments are beginning to form. Thyroid and adrenal glands 
start to function

8 and 9 Starts formation of digits and third toe. Formation of preoptic-vestibule. Heat production from embryos increases

10 The beak hardens, and the toes are entirely developed

11 
and 12

Formation of the auditory system

13 
and 14

There is not much morphological change. Endogenous oscillations around peripheral synaptogenesis initiate the ontogeny 
of hearing

15 
and 16

Embryos respond to external sounds and a wide range of frequencies

17 The renal system starts producing urate

18 The embryo rotates its body to the correct position. Neck and head folded beneath the air space membrane

19 Hatching behavior becomes more prominent, and internal pipping starts

20 
and 21

Beginning of pulmonary respiration. External pipping and finally hatching



Page 8 of 29Al Amaz and Mishra  Journal of Animal Science and Biotechnology           (2024) 15:75 

for an extended time during the initial phases of incuba-
tion [68]. During the final stages of incubation in poultry 
embryos, the peripheral and central nervous thermoreg-
ulatory mechanisms and other body functions are highly 
developed [69]. This may explain the differences in 
hatchability observed during the first and final incuba-
tion phases. Applying heat treatments before (30.2  °C 
for 12  h/d) or during the sex determination phase of 
incubation (38.1  °C between ED 0 and ED 5) increased 
the hatchability [70]. TM did not affect the hatchability 
percentage of total and viable set eggs, the percentage of 
normal birds, chick quality, and body temperature (°C) 
at hatch. The experiments were conducted during winter 
and summer, with Cobb 500 fertile eggs stored for 4 and 
9 d, respectively. The egg storage time might be the rea-
son for the higher hatchability. In our study, TM at 38.5 
°C and 65% RH for 12 h/d from ED 10 to 18 significantly 
increased hatchability (94.5%) and reduces hatch time (by 
6 h) [71]. The potential reason could be attributed to the 
higher metabolism in TM embryos, resulting in reduced 
embryo mortality and increased hatchability.

Hatchability is a crucial parameter for the industry. 
The high hatching rate directly relates to the profit mar-
gin and the consumers’ price determination. The indus-
try will not adopt the TM technique if it cannot increase 
the hatchability. TM temperatures above 40 °C and below 
34  °C can sacrifice hatchability. Too high temperature 
(above 40 °C) and too low temperature (below 34  °C) 
increase stress in developing embryos, hinder embryonic 
metabolism, and cause embryonic mortality. TM period 
is also crucial in this case. Long-term TM starting from 
the early embryonic stage (ED 1–9) lowers the hatching 
percentage, and short-term TM does not affect it. So, 
the TM should be applied at the mid to late embryonic 
stage (ED 10–20), the application timeline should be 
short (6–16 h), and the temperature should be moderate 

(38–40  °C) to achieve a desirable hatching rate without 
negatively impacting the hatchability.

Effects of TM on sex ratio
The ratio of females to the number of males in each pop-
ulation is called the sex ratio. The sex ratio affects wild 
population growth rates and evolutionary trajectories 
[72]. The most prevalent evolutionary stable strategy is 
the generation of males and females in a 1:1 ratio, forced 
by frequency-dependent natural selection because of 
competition for mates among individuals of the same sex 
[72]. TM has been shown to affect broilers’ sex ratio; it 
benefits the industry. Male embryos usually hatch later 
than female embryos; TM accelerates embryo develop-
ment. So, thermal treatment enhanced male percent-
ages and male/female ratios more than the control group 
during ED 19–21 [73]. The incubation temperature 
affects the sex ratio in Australian brush turkeys (Alectura 
lathami), a species of mound-building megapode. The 
mean incubation temperature in natural mounds is 
approximately 34 °C. However, at temperatures of 31 and 
36 °C, the sex ratios were modified. A higher proportion 
of males hatched at a temperature of 31 °C, while a higher 
proportion of females hatched at 36 °C. At 34 °C, the ratio 
of males to females was nearly equal [74]. The skewed sex 
ratio can be attributed to variations in embryonic mor-
tality. There were two experiment setups in one study; if 
the temperature is increased by 0.5 °C, it increases the 
male chicks’ hatchability by 3.5% in the first experiment 
and 2.2% in another investigation [75]. However, eggs 
incubated in slightly lower (36.7  °C), standard (37.5  °C), 
and higher (38.3  °C) temperatures had similar percent-
ages of male chicks. Male hatchability is 49.8% in the cold 
treatment, 51.4% at standard temperature, and 49.5% in 
the heat treatment [76]. TM at 38.2  °C at ED 18–21 for 
4 h/d resulted in a significantly higher proportion of male 

Fig. 4 Application of thermal manipulation (TM) strategy in broiler chicken (Created by Biore nder. com)

https://www.biorender.com/
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chicks hatched than the control group [77]. However, 
TM at 36.2 °C at ED15–21 for 2 h/d showed an opposite 
result, with more female chicks than males [78]. The dis-
crepancies of both studies need further investigation.

The process of determining the sex of the undifferenti-
ated reproductive organ in the chick is believed to take 
place within the initial week of incubation. Changes 
in the concentration of hormones (possibly lower cor-
ticosterone level) connected to embryo metabolism 
and development may impact the sex ratio. It may have 
improved the hatchability of male chicks, especially in 
males around piping time, and resulted in a higher male 
proportion [75, 77]. One of the vital aspects of TM is that 
it has a considerable impact on the sex ratio in broiler 
birds. High and cold TM temperature has some influence 
on the sex ratio. However, there is not much evidence of 
TM changing the sex ratio in broiler chickens. So, the 
effect of TM on the sex ratio is still unknown. More stud-
ies should focus on this aspect of TM before we can con-
clude anything about it.

Effects of TM on behaviour and welfare
Artificial incubation of chicken eggs is a meticulously 
managed process that requires monitoring and regulating 
various parameters. The commonly utilized incubation 
temperature of 37.6 °C has been established commer-
cially. Recognized for its ability to optimize hatchability, 
it is commonly utilized as the default temperature set-
ting in modern commercial incubators. However, many 
studies have been done on the effects of higher and lower 
incubation temperatures on the chicken’s heat/cold resil-
ience and/or production traits later in life [79, 80]. Before 
implementing the technique, it is crucial to ensure that 
the manipulation causes no harmful effects. The ani-
mal’s performance, behavior, and welfare must remain 
unharmed.

In a study, the non-optimal Incubation Treatment 
(IT) group (TM at 36.6 °C for 24 h/d from ED 13 to 18) 
and the natural treatment (NT) group (TM at 30 °C 
for 30  min/d from ED 13  to  18) were tested for post-
hatch fear and social behavior [81]. Their quantification 
involved six scientifically validated behavioral tests: three 
fear tests (novel object on d 1 and 8, tonic immobility 
on d 40, inversion on d 42), two social tests (isolation on 
d 19 and social reinstatement on d 25), and one social/
fear test (emergence on d 18 and 20). In the emergence 
test, a treatment effect was observed on the emergence 
latency, with Control chicks emerging more frequently 
and faster than IT chicks. The emergence test meas-
ures the time it takes for a single chick to emerge from 
a T-shaped box. Since no disparities in IT were observed 
in other social assessments, the findings indicate that IT 
chicks may exhibit greater reluctance towards unfamiliar 

surroundings. No distinctions were found between NT 
and Control or NT and IT. An interaction was observed 
between treatment and sex  during the isolation test, 
where a single chick was isolated visually and audibly for 
3  min, and the number of vocalizations was recorded. 
Female individuals exhibited a higher frequency of vocal-
izations than males in the IT and C groups but not in the 
NT group. Male chicks from the NT may be more sen-
sitive to social separation due to the increased effect of 
early stress caused by severe environmental temperature 
fluctuations. This stress is likely to have a greater impact 
on the anxiety behavior of males compared to females 
later in life. Two different TM temperatures, T1 (38.6 °C 
for 8 h/d between ED 15–20) and T2 (39.6 °C for 8 h/d 
between ED 15–20), were also tested for seven behavio-
ral experiments [82]. The experiment includes a human 
approach test, an emergence test, a social reinstatement 
test, an isolation test, a novel arena test, and a novel 
object test. These tests were selected and replicated two 
to three times. The study  findings indicated that the 
interaction between gender and treatment impacted 
social behaviors. Males exhibit a decreased propensity 
for social reinstatement during standard incubation; 
however, both treatments resulted in behavioral changes. 
In isolation, males from group T1 expressed themselves 
significantly higher  than females (73 ± 4 calls vs. 38 ± 2 
calls). Furthermore, during a social reinstatement test, 
males from group T2 demonstrated significantly greater 
social motivation than those from groups Control  (T2: 
121 ± 20  s vs. Control: 66 ± 25  s) and T1 (57 ± 27  s). An 
age effect was ultimately identified, whereby older birds 
exhibited reduced fear in response to novel objects and 
environments but heightened fear in response to an 
approaching human. They appear to be more socially 
motivated to interact with conspecifics. Habituation, 
alterations in sensory and/or cognitive abilities, varia-
tion between repetitions, and potential decreased mobil-
ity in old age may all impact the behavioral response over 
time, casting doubt on the reliability of these age-related 
findings.

White Leghorn laying hens exposed to TM at 27.2 °C 
for 1 h/d between ED 12–19 exhibited higher responses 
to new situations than the control chicks [83]. This was 
demonstrated by longer latencies in initiating movement 
in the open-field test and approaching novel food, indi-
cating higher levels of fearfulness. Social motivation and 
discrimination did not differ significantly between the 
treatment and control groups. Nevertheless, this out-
come was unforeseen since both factors are crucial for 
the social adaptation of gregarious animals. However, 
TM at 40 °C for 4  h/d between ED 14–18 noticed no 
significant variations in the behavior of laying chickens, 
especially when experiencing heat stress in post-hatch 
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[28]. This indicates that laying hens probably have a more 
efficient thermotolerance due to their slower metabo-
lism and growth rate. Another study examined three 
incubation temperatures (TM at 35.0, 35.8, and 37.0  °C 
for 24 h/d) that occurred naturally but were not optimal 
for wood ducks (Aix sponsa) [84]. The results indicated 
that the animals exhibited more proactive behavior at the 
lowest temperature, unlike the other two. This effect was 
particularly pronounced in younger ducklings and males. 
This demonstrated behavior may be critical for their 
survival.

Although an elevation in temperature during incuba-
tion may lead to enhanced heat tolerance in adulthood, 
it also has the potential to impair social behavior. The 
impact of TM on poultry behavior and welfare after 
hatching has received scant attention. Therefore, it is 
unwise to draw any conclusions regarding the welfare 
and behavior of TM birds in the post-hatch period. The 
welfare and behavioral patterns of poultry may also have 
an impact on their heat tolerance, which merits further 
investigation.

Effects of TM on growth performance
In broiler production, growth performances refer to the 
chickens’ measurable and observable traits throughout 
their growth and development phase. The performance 
characteristics mainly include feed intake, body weight 
gain, meat yield, bone growth, and feed conversation 
ratio (FCR). Supplying the birds with adequate feed and 
receiving regular growth performance are the keys to 
successful broiler production in the industry. So, growth 
performance is one of the most critical parameters for 
the poultry industry. Thermal conditioning has been pre-
sented as a low-cost method of improving broiler perfor-
mance and thermotolerance; compared to the control, 
thermal conditioning considerably enhanced body weight 
gain and feed intake [85].

Final BW is crucial in determining overall growth 
performance in chickens. BW enhancement in broiler 
chicken dramatically depends on TM. The perfect syn-
chronization of duration, timing, and temperature plays a 
vital role in achieving the desired pre-hatch TM. It helps 
thermal acquisition during weight gain [86]. TM at 39.5 
°C and 65% RH for 12 h/d from ED 7 to 16 significantly 
decreases the hatching BW [87]. It may be attributed to 
differences in sex, specifically male versus female. It is 
suggested that males are more capable of compensa-
tory gain than females [20]. TM at 38.5 °C for 6  h/d at 
ED 16 and 9  h/d at ED 17 significantly improved BW 
on d 4, 5, and 7. TM at 40 °C for 6  h at ED 16, 9  h at 
ED 17, and 12  h/d at ED 18 significantly increased BW 
on d 14, 28, and 42 [25]. Ross 308 broiler incubation 
between the ED 18 and 20, acute stimulation (2 h/d) of 

1  °C above 37.4  °C incubation temperature, resulted in 
no significant changes in chick quality. Heat manipula-
tion therapy improved the performance of male chicks 
and significantly lowered the FCR ratio compared to 
control chicks (37.4  °C) [77]. In quails, all the thermally 
treated (41 °C at 65% RH for 3 h/d at ED 12–14) chicks 
had considerably lower hatching weights than the con-
trol chicks. However, early TM dramatically increased 
body weight at d 35 compared to other groups [88]. The 
TM protocol was applied during the late embryogenesis 
period in these studies. The late embryonic period is the 
final stage in the development of the HPT-axis and HPA-
axis, which play a crucial role in metabolism, thermoreg-
ulation, and response to stress. Also, it is the period of 
fetal myoblast development and the primary period for 
the development of satellite muscle cells [89]. These fac-
tors contribute to the final muscle mass and its capacity 
for hypertrophy. TM did not affect BW at 39 °C on d 21 
and 42 [90]. The low  T3 levels observed in the chickens 
from the high incubation treatment appear to be a ther-
moregulatory mechanism employed by these chick-
ens to decrease their feed intake and, as a result, reduce 
metabolic heat production. In rats, a decrease in thyroid 
hormone levels leads to decreased food intake, body 
weight, and body temperature [91]. So, it is anticipated 
that chicks with lower metabolism will have lower feed 
intake rates and slower growth rates. Broilers incubated 
at high temperatures between ED 7–10 or ED 10–13 at 
38.8 °C had the most significant body weight than the 
eggs incubated at 37.8 and 36.8 °C, respectively [92]. 
During incubation, chicks exposed to 1.39  °C above the 
standard suggested temperature at ED 14–18 had bet-
ter quality and performance [93]. These studies showed 
a higher egg yolk weight at hatch. Immediately after 
hatching, the chicks rely on the remaining yolk for nutri-
tion rather than consuming feed [94], which might have 
impacted their growth in this study. The broilers exposed 
to incubation at 38.5 °C for 6 h/d from ED 10 to 18 have 
lower BW than those at 37.8 ℃. The lower BW could be 
explained by variations in chicken strains, timing, tem-
perature, or TM conditions’ duration in this study [95]. 
The BW of both sexes was unaffected by thermal treat-
ment; however, males substantially gained more weight 
than females. When chicks of each sex or treatment were 
sorted according to hatching time, the late-hatching 
females were significantly heavier than the others [86]. 
Higher TM temperature may decrease final body weight 
in the chickens and cause embryo death. However, if the 
higher temperature can synchronize with perfect tim-
ing, it can improve body weight in the marketing age. 
High incubation temperature leads to high eggshell tem-
perature (EST), and high EST (38.9 °C) from d 7  to  21 
of incubation decreases the growth performance but 
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increases breast meat yield [96]. This phenomenon could 
potentially be linked to enhanced muscle cell prolifera-
tion and expedited differentiation following prolonged 
exposure to high EST [97]. Different placements of the 
incubation tray can increase the incubation tempera-
ture. It was reported that eggs were incubated in hatching 
trays kept in the racks’ bottom, middle, and top thirds at 
38.09, 38.24, and 37.99 °C, respectively [98]. The changes 
in incubation temperature between tray placements may 
not be sufficient to alter the overall success of post-hatch 
development. The intrinsic temperature resistance of 
avian embryos might explain these findings.

In a TM treatment, the incubation temperature was 
elevated to 39.5 °C, and the RH was increased to 65% for 
12 h/d from ED 7 to 16 except for weeks 1, 2 and 4. TM-
treated males’ feed intake was lower than that of control 
males. Except for weeks 1, 2, 4, and 7, females showed a 
similar pattern in feed consumption. The FCR followed 
the same statistical pattern as feed consumption in both 
sexes. Compared to the TM broiler, the total FCR was 
lower in the control group [99]. Like the high TM dur-
ing the incubation stage, the group constantly exposed to 
postnatal cold temperature exhibited a 5% significantly 
greater feed consumption ratio. On ED 18 and 19, eggs 
were incubated at 15  °C and 81% RH for 30 min before 
being transferred to 37.6  °C and 56% RH for the rest of 
the incubation time. The incubation environment and 
postnatal ambient temperature had little effect on the 
feed intake of both sexes. In cyclically cold postnatal 
environments, cold incubation increased female feed 
efficiency by 4% relative to the control group [100]. The 
event was most likely caused by increased heat produc-
tion to counteract the effects of cold to maintain a normal 
body temperature (thermoregulation) [101]. During the 
first two weeks after hatching, the chicks that received 
high heat treatment had rectal temperatures, which did 
not affect these chickens’ growth rate and feed intake 
because they were thermotolerant [90].

Bone formation is another important aspect of growth 
in broiler chickens. It is well known that embryonic 
development and growth are accelerated at higher tem-
perature incubation. It is reported that on the  20th days 
of embryonic development or at hatching, there were no 
appreciable variations in femur lengths between treat-
ment groups. During ED 20, the facial lengths showed 
comparable results. The lengths of the tibia and meta-
tarsus were significantly longer in the thermal manipula-
tion groups than in the control group [102]. Treatments 
included incubating eggs at 37.8 °C and 55% RH continu-
ously (control), 36.9  °C and 60% RH for 6  h/d from ED 
0 to 8, 36.9 °C and 60% RH for 6 h/d from ED 10 to 18, 
41 °C and 65% RH for 3 h/d from ED 8 to 10, and 41 °C 
and 65% RH for 3 h/d from ED 10 to 18 [102]. However, 

another study found that high temperature (39 °C for 
24 h/d from ED 13 to 21) significantly decreased the body 
weight, mineral concentrations in both bones, femoral 
fracture strength, and tibiotarsal stiffness [103]. The bone 
growth process involves intramembranous and endo-
chondral mechanisms [104]. The reduction in both the 
length and diameter of the femoral and tibiotarsal dia-
physis in birds reared under high temperature indicates 
that elevated rearing temperature impacts the growth 
processes of leg bones, specifically the intramembranous 
and endochondral processes.

So, to improve growth performance, we need to 
improve the FCR. TM emerges as a promising strategy 
to increase growth performances post-hatch. As TM 
improves the thermotolerance in broiler chicken, it does 
not sacrifice the feed intake. However, only TM cannot 
enhance growth performance; post-hatch management 
strategies are also essential. If the feeding time, formula-
tion, and stocking density are correct, TM birds can per-
form satisfactorily.

Effects of TM on muscle growth and development
Muscle growth drives meat production, including protein 
accumulation, myofiber hypertrophy, and muscle-cell 
multiplication [105]. Muscle progenitors undergo myo-
genic determination during embryogenesis, resulting in 
myoblasts proliferating, later differentiating, and merging 
into multinucleate fibres [106]. On ED 5, chick embry-
onic myoblasts are the most numerous, but fetal myo-
blasts are most prevalent between ED 8–12 [89]. Satellite 
cells (mature myoblasts) are initially recognized in chicks 
between ED 13–16 when the basal layer surrounding the 
myofibers matures [107]. As early as ED 8, the influence 
of the chicks’ prolonged constant subjection to TM was 
evident in the myofiber radius of the pectoralis muscle. 
The percentage of myofibers with larger diameters was 
more significant in the control group than in the inter-
vention group (25% vs. 15% within the diameter span of 
7 to 13.5 m). By the end of week one post-hatch, chronic 
heat stress produced fat accumulation in satellite cells 
arising from the pectoralis muscle, which continued to 
rise in week 2. The fat deposition was detected in inter-
stitial sections of muscle, probably because of induced 
adipocyte proliferation or fibroblasts converting to the 
audiogenic lineage. Additionally, fat deposition was seen 
in the TM group’s myofibers [108]. The proportion of 
myofiber diameters in commercial broilers exposed to 
the TM was comparable to that observed under control 
conditions, except for a slightly reduced frequency of 
myofibers with larger diameters (75 to 95 µm) [109].

TM for 12 h/d from ED 7 to 16 at 39.5 °C increases pec-
toralis minor but showed no significant changes in pec-
toralis major [110]. However, a significant improvement 
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of breast muscle was observed in shorter TM duration 
(3 h/d from ED 16 to 18) on 43 d broilers [29]. Another 
study found that, early heat treatment (EA) (On ED 8, 
9, and 10 of embryogenesis, 39.5  °C and 65% RH were 
administered for 3  h/d), late heat treatment (LA) (On 
ED 16, 17, and 18 of embryogenesis, 39.5  °C and 65% 
RH were administered for 3  h/d) and EA-LA treatment 
(39.5 °C and 65% RH at ED 8 to 10 and ED 16 to 18) the 
pH of the pectoralis major muscle of the breast was not 
affected by the thermal challenge but by the incubation 
treatment. Also, LA broilers had a higher breast meat 
yield than other groups [29]. The most considerable 
effect on muscle development occurs when late-term 
embryos are treated with TM [111]. Between ED 16–18, 
a daily rise of 1.7  °C above standard settings for 3 or 
6 h/d enhanced muscle fiber growth at d 13 and 35 of age 
[97]. PAX7 levels were higher in muscle cells and tissue 
derived from the TM groups than in the control group. 
It is known that in adult satellite cells, PAX7 is expressed 
[97]. It has been reported that this marker indicates the 
ability of satellite cells to proliferate in turkey poults 
and broilers [105]. This might enhance the formation 
of a larger reservoir of myogenic progeny cells, primar-
ily due to the presence of satellite cells. Short-term TM 
(ED 0–5) improved the relative breast muscle weight of 
female 35 d broilers but had no impact on male broil-
ers [70]. Similarly, increasing the pre-hatch temperature 
between ED 4–7 from 37.5 to 38.5 °C enhanced gastroc-
nemius muscle growth, the number of fibers and nuclei, 
and the nuclei:fiber ratio in layers. However, the identi-
cal TM in broilers resulted in a decreased gastrocnemius 
cross-sectional area with minimal fibers and nuclei but 
no change in the nuclei proportion of fibers [112]. This 
difference in layer and broiler can be explained by the dif-
ferent phenotypic changes that are accompanied by dis-
tinct alterations in the expression levels of genes involved 
in the development and growth of muscles. Further 
investigation is needed to explore potential interactive 
mechanisms in the upstream genomic and epigenomic 
domains. TM applied on ED 16–18 for 3 h/d at 39.5  °C 
enhanced the comparative weight of pectoralis muscle in 
female birds 42 d old but had no impact on male birds 
[29]. One possible explanation is that a rise in tempera-
ture from ED 16 to 18 during the proliferation phase of 
fetal myoblasts [89] may impact the processes of cell pro-
liferation and differentiation, consequently affecting the 
overall number of fibers in the breast muscle.

TM during ED 10–20 stimulates myogenesis-related 
gene expression in duck skeletal muscle more than TM 
during ED 20–27. Embryonic duck leg muscle develop-
ment is more sensitive to TM than breast muscle. TM 
may influence the enhancer methylation state of duck 
AKIRIN2, influencing embryonic myogenesis [113]. It is 

reported that (TM at 38.5  °C for 18  h/d on ED 12–18) 
and (TM at 39  °C for 18  h/d on ED 12–18) presented 
the ideal conditions for its growth, increasing the BW. 
This increase in BW is related to both immediate and 
long-lasting effects of TM on muscle gene expression. It 
upregulated IGF-1, growth hormone (GH), and muscle 
marker genetics (MyoD, Myogenin, PAX7, and PCNA). 
MyoD and Myogenin help in cell proliferation [114]. 
Beyond their role in growth, GH and IGF1 have sig-
nificant metabolic consequences. They work together 
to control the metabolism of fat, protein, and glucose 
because GH increases the creation of IGF1 in various 
tissues [115]. Also, PCNA coordinates many proteins in 
various DNA-related processes. Several enzymes exhibit 
a rise in catalytic efficiency due to their interaction with 
PCNA [116]. TM at 38.5 and 39 °C at ED 12–18 signifi-
cantly upregulated muscle growth factor genes that have 
long-term effects on increasing muscle development and 
development [114]. PAX7 mRNA expression was found 
to be higher in the heat-treated birds. During embryonic 
development, the transcription factor PAX7 is essential 
for creating and differentiating skeletal muscle precur-
sor cells. It also functions as an anti-apoptotic factor and 
regulates the expression of other myogenic regulators. 
Additionally, it contributes to the growth and upkeep of 
the population of satellite cells. Most significantly, PAX7 
mediates the molecular transition from the embryonic to 
fetal myoblast development program [117].

In TM (ED 7–11 at 39  °C for 18  h), the histological 
evaluation of the longitudinal sections thigh muscle fib-
ers radius, pectoral muscle perimysium thickness, and 
thigh muscle perimysium girth are significantly greater 
than the control group because TM treatments on breast 
muscle yield during embryogenesis were beneficial 
[118]. In addition, satellite cells are skeletal muscle pre-
cursors mediating post-hatch muscle development. The 
temperature impacts their physiological activities. At 50 
d of age, Ross 708 broilers show the highest breast meat 
yield. Chicks obtained from the higher TM during ED 
0–5 showed an increase in the female pectoralis minor’s 
relative weight and the pectoralis major’s relative weight 
in male broilers. This is when the embryonic myoblast 
developed [119]. Because the satellite cell’s DNA con-
centration, width, and diameter significantly increase 
at higher temperatures from cells incubated at lower 
temperatures (33 and 35 °C). The creatine kinase levels, 
myogenin expression, and myogenic determination fac-
tor 1 of satellite cells increase linearly with increasing 
temperature from 33 to 43 °C [91].

On d 13, the heat-treated group demonstrated a signifi-
cant decrease in myofiber diameter compared to the con-
trol group. Moreover, the TM group drastically reduced 
satellite cell expansion [108]. The impaired muscle 
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growth due to prolonged heat stress indicated that the 
high temperature hindered the satellite cells’ proliferation 
and changed muscle hypertrophy. A significant decrease 
in PCNA-expressing cells was observed in the muscle 
tissue of the heat-treated group. TM at 39.5 °C and 65% 
RH for 12  h/d stimulated rapid and sustained myoblast 
proliferation throughout fetal-myoblast and satellite-cell 
proliferation phases, resulting in increased myogenic 
progeny reserve in the muscle and accelerated embryo 
muscle development with a lasting impact on post-hatch 
chickens [111]. Reduced  T3 and  T4 concentrations were 
observed in the heat treatment group. Thyroid hormones, 
particularly  T3, are involved in the process of myoblast 
cell-cycle withdrawal and differentiation into myotubes 
[120]. These lower embryonic plasma  T3 concentrations 
support increased myoblast proliferation.

A study on Peking ducks (Anas platyrhynchos domes-
ticus) showed that thermal treatment in the embryonic 
stage has long-lasting and immediate effects on post-
hatching muscle development and phenotypic changes 
in muscle mass [121]. However, another study on Peking 
ducks reported that TM (38.5 °C and 65% RH from ED 
10 to 27) displayed a negative impact on muscle growth 
by regulating muscle hypertrophy, atrophy, and prolif-
eration-related genes (particularly PAX3) by increas-
ing ERS [122]. The PAX3 gene provides instructions for 
making a transcription factor that belongs to the PAX 
family. The PAX3 protein is a transcription factor with 
a C-terminal transcriptional activation domain and an 
N-terminal DNA binding domain with a paired box and 
homeodomain. This protein regulates target gene expres-
sion, affecting proliferation, survival, differentiation, and 
motility in various pathways. This gene is expressed dur-
ing the development of skeletal muscle, the central nerv-
ous system, and neural crest derivatives [123].

TM can significantly upregulate the gene expression 
related to muscle growth, which can help cell prolifera-
tion by aiding the growth of satellite cells and myofiber 
diameter. Muscle growth also helps in regulating proper 
metabolism. TM appeared beneficial for early muscle 
development stages after hatching, which determines 
the final body weight in the birds. As breast muscle is an 
essential part of the broiler from a consumer perspec-
tive, TM showed a higher growth rate in pectoralis major 
and pectoralis minor muscle in the breast part. Thus, TM 
could increase total meat production without requiring 
more feed or slaughter of birds to meet market demand 
[118].

Effects of TM on carcass quality
The pricing determination is influenced by carcass qual-
ity, which is accountable for achieving consumer expec-
tations. It enables the farmer to detect the quality of the 

animals they are producing and, as a result, to enhance 
and better prepare for high-quality animals and car-
casses. It can also be recognized by authorities to certify 
carcasses for class, quality, and condition. It also aids 
the meat processing industry in selecting various grades 
based on market and consumer needs. The phrase "car-
cass evaluation" refers to all the criteria determining the 
carcass’s average value per unit weight [124]. Evaluation 
of carcass quality in broiler typically includes the weight 
of wings, thighs, frame, fat pad, pectoralis major, and pec-
toralis minor muscle [110] TM at 38.8 °C during ED 7–10 
and ED10–13 for 24  h/d significantly increased carcass 
weight (g), drip loss (%) and redness in the breast muscle. 
However, carcass yield (%), grill loss (%), and lightness 
were significantly lower than in the control group. The 
higher sample size weight and an accelerated pH decrease 
could reduce water retention capacity, leading to higher 
drip loss. In the same study, TM at 36.8 °C during ED 
7–10 and ED10–13 for 24 h/d significantly increased grill 
loss (%) but significantly decreased leg yield (%) and shear 
force compared to the control group [92]. The analysis’s 
heating process might cause the increased grill loss. TM 
at 39 ºC at ED 7–11 for 18  h/d resulted in significantly 
increased skinned carcass weight (g), whereas TM at 39 
°C at ED 7–18 for 18 h/d significantly decreased skinned 
carcass weight (g) compared to the control group [118]. 
It was due to significantly higher and lower BW in these 
two groups than the control group, respectively. In quail, 
TM at 41 °C at ED 6–8 and ED 12–14 for 3 h/d signifi-
cantly decreased carcass weight (%) (without blood, 
feather, head, and shank) and carcass weight (%) (without 
viscera), breast weight (%) and breast muscle weight (%) 
than the control group. In the same study, TM at 41 °C 
at ED 6–8, TM at 41 ℃ at ED 12–14, and TM at 41 °C at 
ED 6–8 and ED 12–14 for 3 h/d significantly decreased 
breast muscle pH than the control [125]. The pH value 
is a crucial factor in determining the shelf life, with 
lower pH values having a significant impact. The term 
"more acidic" refers to a higher level of acidity, which, in 
turn,  results in a longer shelf life for the product [126]. 
TM promoted the growth of the pectoral muscles in the 
early stages while not causing any notable changes in 
the characteristics of the breast meat [21]. Commercial 
broiler breeder eggs were incubated in trays positioned in 
the bottom (38.09 °C), middle (38.24 °C), and top (37.99 
°C) portion of the incubator. Broilers from the bottom 
trays had significantly higher tender breast weight and a 
significantly higher proportion of breast meat (25.00%) 
than the middle tray’s broiler (24.54%). Nevertheless, 
broilers  from middle trays exhibited a higher carcass 
yield than those from cooler top trays [98]. Prolonged 
exposure of eggs to high temperatures typically leads to 
deficiencies in embryonic development and substantial 
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disruptions in carbohydrate and lipid metabolism. The 
embryo’s inability to fully utilize the nutrients from the 
yolk leads to the restricted and impaired growth of the 
embryo, resulting in subpar performance during the sub-
sequent growth phase [127]. TM at 39.5 °C at ED 7–16 
for 12  h/d significantly increased pectoralis  minor (%) 
and yellowness of the carcass. However, it significantly 
decreased the cold carcass weight (g), fat pad (%), white 
stripe, and wooden breast [110]. It is possible that the 
higher temperatures during incubation in TM led to an 
increase in the growth of satellite cells, which may have 
contributed to improvements in breast muscle myopathy. 
The severity of myopathy and the extent of muscle degen-
eration significantly affect meat quality and processing 
characteristics [128]. However, Compared to the 0 and 
3  h treatments, the 12  h incubation treatment resulted 
in boilers with lower pectoralis major weights. The pec-
toralis major weights of early hatch broilers were greater 
than those of the mid- and late-hatch groups. Compared 
to the control, the 12 h incubation treatment reduced the 
incidence of broilers with mild to severe myopathic char-
acteristics [129]. It might be influenced by factors such as 
diet, post-hatch processing, environmental interaction, 
or other stimuli.

TM affects thermotolerance and can modify carcass 
composition by increasing the yield of breast portions 
and meat quality during processing. The cooking loss, 
carcass weight, meat pH, and moisture parameters are 
crucial indicators of the quality of processed meat and 
play a significant role in determining the juiciness and 
texture of cooked meat. Intermittent embryonic TM 
could be utilized to achieve the desired profitable out-
comes of carcass quality in broilers. Considering all 
this evidence, TM is a very effective strategy for more 
carcass yield.

Effects of TM on organ weight
Organ weight is related to the body’s nutritional effi-
ciency, metabolic activity, energy, and amino acid 
requirements [130]. It is reported that eggs exposed to 
TM daily at 38.5  °C and 65% RH for 18 h on ED 12–18 
significantly increased heart and liver weight. However, 
it has significantly decreased gizzard weight and colon 
length than control (37.8  °C throughout the incubation 
period) [114]. Mild heat exposure at an early age accel-
erates satellite cell myogenesis through specific local 
growth factor expression [131]. This might be the rea-
son for the increased organ weight in this study. TM at 
39 °C for 6 h/d during ED 0–5, both males and females, 
showed an increased heart mass compared to con-
trol chicks, implying that pumping blood to the tissues 
needed more effort, presumably due to inefficiencies in 

gas exchange. Even though the treatments did not affect 
lung mass, TM has affected lung morphology [132]. This 
implies  that more energy was needed to circulate blood 
to the tissues, potentially because of inefficiency in gas 
exchange, as ventilation was reduced in both females 
(significantly)  and males (tendency). For lung morphol-
ogy, this metabolic disorder is strongly linked to pulmo-
nary hypertension and right ventricle hypertrophy [96]. 
Post-hatch day 35 showed a substantial increase in gut 
and liver weight in the 39 °C for 18 h with 65% RH daily 
during the ED 7–11 groups compared to different treat-
ment groups. However, eggs incubated in TM (39 °C) in 
layer chicken significantly reduced the heart weight of 
the control (37 °C) group [133]. Manipulating incuba-
tion temperature in the experiment led to heart hypo-
plasia without impacting the weight of other assessed 
organs, suggesting that high incubation temperatures 
can have varying effects on different organs. Heart hypo-
plasia decreases oxygen delivery to tissues, potentially 
hindering overall body growth and leading to metabolic 
issues. Broilers hatched from eggs incubated at high tem-
peratures had a greater occurrence of ascites during the 
growing period than those incubated at normal tempera-
tures [96]. TM at 39 °C at ED 7–11 for 18 h/d significantly 
increased gut and liver weight [118]. It might be due to 
the significantly higher BW and skinned carcass weight 
in this treatment group than in the control. TM at 39.5 
°C and 65% RH for 12 h/d from ED 7 to 16 significantly 
decreased heart weight [87]. This could be associated 
with decreased levels of thyroid hormones and increased 
thermotolerance [79]. The hemodynamic changes likely 
led to increased heat loss  through the skin, contribut-
ing to decreased heart mass [134]. Thus, the decrease in 
lower heart growth can be attributed to either a decrease 
in the development of cardiac cells or a reduction in 
glycogen but an increase in lactate concentration. In 
ostrich, TM (subjected to 40 ± 1 °C for 3 h/d) significantly 
decreased the heart and liver weight, and there was no 
significant change in the gizzard and proventriculus 
weight [135]. High setter and hatcher temperatures could 
reduce heart size [136]. Several common issues in poul-
try, like sudden death syndrome and ascites, are linked to 
cardiovascular system development and function prob-
lems. This decrease in liver weight  could be caused by 
increased fat absorption from the yolk sac and activation 
of fat metabolism (lipolysis) for energy production. Also, 
this phenomenon could be attributed to the stimula-
tion of hepatic enzyme systems responsible for glycogen 
breakdown (glucogenesis).

Organ weight is essential for overall growth and per-
formance in broiler chickens. Post-hatching ontogenetic 
development in birds is marked by the selective growth 
of the heart, intestines, and liver [137]. Embryonic TM 
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increases organ weight in the majority of instances. More 
studies should be focused on that to evaluate the effects 
of TM on organ weight and related health benefits.

Effects of TM on blood biochemistry
Blood biochemistry can inform much about what is hap-
pening within the body. Cells release essential enzymes 
that help maintain blood glucose, pH,  Na+ , and  K+ lev-
els. Blood biochemistry impresses when the ambient 
temperature rises over the thermo-neutral zone, the 
acid–base balance deteriorates [138], the hematocrit 
drops, blood volume increases [22], and lipid peroxida-
tion increases [139]. Eggs incubated at 37.8 °C (Control) 
throughout the incubation period and exposed to heating 
at 38.5 °C 6 h/d from ED 10 to 18 (HS) of incubation have 
no effect of heat adaptation on the blood  HCO3−,  Na+ , 
or  K+ concentration levels of newly hatched chicks. Also, 
pH was significantly higher on the hatch day from HS 
than in the control chicks. However, in the internal pip-
ping and hatch stage, substantial changes in blood gases 
and ions occurred without affecting the blood pH level. 
Blood,  pO2,  Na+ levels, and plasma triglyceride concen-
trations were significantly increased at hatch. However, 
 pCO2,  HCO3−, and  K+ levels were much lower. In addi-
tion, the levels of triglycerides and  T3 undergo reversible 
changes from hatch to d  7 of incubation. These modifi-
cations indicate an embryo’s adaptive response [140]. 
38.5 °C From ED 10 to 18, 6 h/d of incubation at a high 
temperature caused a consistent reduction of post-hatch 
plasma  T3 and corticosterone changes. At d  21, regard-
less of parental age, the glucose level was significantly 
higher, and the triglyceride level was significantly lower 
in the high-temperature group. These changes in blood 
metabolites and hormones may enhance the thermoreg-
ulatory capabilities of broilers after hatching when sub-
jected to daily high temperatures [141]. It is shown that 
plasma malondialdehyde and blood glucose levels of 
thermally challenged birds were significantly higher at 
an initial temperature of 35  °C (maintained for 4  d and 
then progressively decreased) than those of the other 
treatments (35 °C for the first 2 d, 35 °C for the first 7 d 
and 35  °C for the first 10 d). Even though the birds had 
a varied brooding temperature program during their first 
10 d (post-hatch), there was no significant difference in 
blood triglyceride, creatine kinase, or uric acid levels. So, 
TM can enhance performance early and prevent broiler 
chickens from severe heat stress when they reach mar-
ket age [142]. Between ED 16–18.5, a consistent 3  °C 
increment in incubation temperature from the standard 
37.6  °C resulted in reduced thyroid hormone levels and 
liver glycogen deposits. This decreases blood glucose 
accessibility during the hatching phase, hyperglycemia, 
or both; plasma triglyceride and non-esterified fatty acid 

concentrations are reduced. It illustrates that broiler 
embryos are more sensitive to high incubation tempera-
tures than low ones [127]. TM at 39.5 °C for 3 h/d during 
ED 16–18 increased chick thermotolerance acquisition, 
significantly reduced corticosterone levels, and the low-
est  T3 to  T4 ratio in chicks exposed to 41  °C for 6  h/d 
thermal conditioning (TC) at d 3. During TC, significant 
hyperthermia was seen in control chicks, associated with 
greater plasma  T3 levels [27]. The results indicate that 
applying TM at 39.5  °C later in embryogenesis success-
fully decreased stress levels in chicks exposed to stress-
ful environmental conditions. In a study conducted on 
ostrich, it was found that total plasma protein, albumin, 
and globulin abundances were considerably lower in the 
TM group (38.5 °C and 45% RH for 3 h/d on d 35–37 of 
incubation) than in the control group (32 ± 1 °C) through-
out late embryonic development. The TM group had 
substantially higher uric acid and creatinine concentra-
tions than the control group. These results suggest that 
the administration of TM at 38.5 °C during late embryo-
genesis effectively mitigated the detrimental effects of 
heat stress on chicks exposed to strenuous environmental 
conditions during the early stages of development [135]. 
A study in the layer showed that incubating eggs at 39 °C 
decreases the amount of blood-ionized calcium available 
for bone mineralization during embryo development. It 
suggested that temperature management is critical dur-
ing the incubation of viable layer eggs to ensure high 
chick quality [133].

Blood concentration (glucose, uric acid, creatinine, pH, 
 Na+ , and  K+ levels) is essential for broiler birds’ ther-
moregulation. Imbalanced blood concentration can trig-
ger the stress response, which harms the body. TM may 
regulate blood biochemistry at an optimum level, which 
can help to reduce the stress response at the cellular level.

Effects of TM on oxidative damage
Oxidative stress is the imbalance that develops when the 
number of reactive oxygen species (ROS) in an animal 
cell exceeds its antioxidant capacity. Unconfined radi-
cals are produced in vast quantities as an inevitable by-
product of numerous metabolic processes, and in some 
instances, such as in activated neutrophils, they are pro-
duced purposely. In addition, the body can produce free 
radicals in response to electromagnetic radiation from 
the surroundings, and they can also be obtained directly 
as oxidizing contaminants such as ozone and nitrogen 
dioxide. Damage can develop in various tissues if anti-
oxidant defences are lacking [143]. Oxidative stress, a 
significant consequence of heat stress, is a crucial predic-
tor of performance and physiologic degradation in broil-
ers [144]. Due to oxidative damage, broiler meat loses its 
appearance, flavor, and nutritional value [145]. Several 
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genes, including NADPH oxidase 4 (NOX4), superox-
ide dismutase 2 (SOD2), and catalase, regulate cellular 
homeostasis to prevent oxidative stress [146].

TM at 39 °C and 65% RH from ED 10 to 18 for 18 h/d 
may have an excellent long-term effect on broiler antioxi-
dant potential. On post-hatch day (PD) 29, TM signifi-
cantly decreases catalase mRNA levels in the liver but not 
in the spleen [147]. However, after 1 (PD 29) and 7 (PD 
35) days of heat stress, the catalase level was considerably 
lower in TM chicks than in controls. In contrast, after 3 
(PD 31), 5 (PD 33), and 7 (PD 35) days of heat stress, the 
NOX4 mRNA level in TM chicks was considerably lower 
than in controls. After 3 (PD 31), 5 (PD 33), and 7 (PD 35) 
days of heat stress, SOD2 levels in TM chicks were con-
siderably lower than in controls [147]. One of the primary 
producers of ROS has been identified as the multicompo-
nent enzyme NADPH oxidase (NOX). Much research has 
been done recently on NOX4, one of the seven members 
of the NOX family (NOX1, NOX2, NOX3, NOX4, NOX5, 
DUOX1, and DUOX2). Hydrogen peroxide  (H2O2) is pro-
duced constitutively due to its distinctive structural char-
acteristics. As a crucial oxygen sensor, NOX4-derived 
 H2O2 has a variety of functions in cell division, migration, 
and death [148]. Superoxide dismutase (SOD) proteins 
help eliminate ROS by catalyzing the disproportiona-
tion of  O2 and  H2O2, followed by converting hydrogen 
peroxide to water by catalase or glutathione peroxidase. 
The vast oxidation–reduction and electron transport 
events in mitochondria produce oxygen radicals, which 
are scavenged by the mitochondrial matrix enzyme 
SOD2 (OMIM, 147460) [149]. In the case of TM at 39 
°C and 65% RH for 18 h/d from ED 10 to 18 and acute 
heat stress on the post-hatch d 28 at 40 °C, NOX4, GPX2, 
SOD2, and catalase mRNA expression was considerably 
lower in TM chickens than in controls. However, avian 
uncoupling protein (AvUCP) mRNA expression was sig-
nificantly increased. Also, overall antioxidant capacity, 
superoxidase dismutase, and catalase activity in the TM 
group were considerably lower than in the control group. 
Lowering system genes related to heat-induced oxida-
tive stress implies that TM has a lasting influence on the 
development of thermotolerance in chickens [150]. In par 
with TM, acute heat stress (34 °C for 6, 12, and 18 h/d) 
also enhanced mitochondrial superoxide generation in 
the pectoralis muscle of chickens. This quick increase in 
mitochondrial substrate oxidation led to increased super-
oxide generation, which may be beyond AvUCP’s ability 
to regulate superoxide production. Down-regulation of 
AvUCP, on the other hand, induced increased mitochon-
drial superoxide generation during the latter phases of 
heat stress, even when substrate oxidation had reverted 
to normal levels [151]. Despite being present in numer-
ous bird species, the biological function of the avian 

homolog of mammalian uncoupling proteins remains 
debatable [152]. Uncoupling protein (UCP) homologs 
from plants and animals may have evolved from a pro-
ton-anion transporter ancestor to form a subfamily of 
mitochondrial carriers. The cold environment activates 
UCP homologs in plants, which may affect chilling tol-
erance. The biochemical actions and biological capa-
bilities of the mammalian UCP2 and UCP3 are not fully 
understood. The UCPs may also play a role in cellular 
metabolism’s reaction to an abundance of substrates by 
controlling ATP levels, the  NAD+/NADH ratio, and a 
variety of metabolic pathways, as well as limiting super-
oxide generation [153].

Cold TM (36.6 °C for 6  h/d during ED 10–18) shows 
higher brain catalase levels in younger breeder embryos 
than in older ones. This encasement of the antioxida-
tive status of TM chicks from a younger breeder can be 
advantageous in tissue protection because of oxidative 
stress caused by the colder growth conditions tempera-
ture [154]. This TM may cause changes in antioxidant 
routes by increasing catalase activity but decreasing 
AvUCP3 at the hatching day. However, an increase in the 
expression of the transcription factor peroxisome prolif-
erator-activated receptor-ɣ coactivator-1α was found to 
promote a long-lasting rise in the expression of AvUCP3. 
These repetitively cold incubation settings resulted in 
prolonged alterations in antioxidant pathways, which 
might improve the health of chickens raised in cold envi-
ronments [155].

The effect of TM against oxidative damage is well 
documented in broiler chickens. Oxidative genes act as 
a primary defense mechanism in the body to protect it 
from the heat stress response. Upregulations of these 
genes mean the body is in optimum condition to cope 
with heat stress. These studies prove that TM birds can 
have a higher oxidative gene expression than the control 
birds. Therefore, TM birds can scavenge free radicals 
more efficiently and reduce the negative effect of heat 
stress in the body.

Effects of TM on transcriptomics
The performance of broiler chickens has now achieved its 
current level because of long-term genetic improvement 
studies [156]. However, because of this development, 
broilers have become more sensitive to environmental 
influences, and their ability to adjust to harsh conditions 
has weakened. Heat stress is particularly unfavorable 
from a commercial standpoint, as even a 1  °C increase 
is sufficient to reduce the productivity of most animal 
species [157]. Protective genotypes should be generated 
to combat heat stress through selective breeding, or the 
capacity of poultry to withstand current thermal stress 
should be enhanced [158]. Temperature and humidity 
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above the ideal circumstances are implemented in the 
pre-hatch stage to acclimatize the broilers to heat stress. 
This technique, also known as ‘epigenetic adaptation’, is 
based on lifelong irreversible alterations in the physiolog-
ical control systems of the organism generated by numer-
ous environmental manipulations [159].

TM at 39 °C and 65% RH for 18 h/d during ED 10–18 
improve the heat resistance by increasing the liver and 
splenic mRNA expression of IL-6 (it may aid in regu-
lating the process of tissue protection during the heat 
stress) and by regulating the expression of gene compo-
nents of its production routes during subsequent acute 
heat stress 40 °C for 7 h. TM increased IL-6, HSF3, and 
HSP70 basal mRNA expression but reduced TLR4 basal 
expression levels. TM improved the expression kinetics 
of HSP70, HSF3, IL-6, IL-1, TNF-α, TLR2, TLR4, NFkB50, 
and NFkB65 during heat stress [160]. NFkB regulates 
multiple aspects of innate and adaptive immunologi-
cal processes and is crucial in mediating inflammatory 
responses. NFkB controls inflammasomes and stimulates 
the expression of numerous pro-inflammatory genes, 
such as those that produce cytokines and chemokines. 
Additionally, NFkB is essential for regulating the survival, 
activation, and differentiation of innate immune cells and 
inflammatory T cells. Therefore, abnormal NFkB activa-
tion contributes to the pathogenesis of numerous inflam-
matory diseases [161].

TM treatments (38.5, 39, 39.5, and 40 °C for 18 h/d, ED 
12–18) significantly alter the basal mRNA expression of 
HSP108, HSP90, HSF1, and HSF2 genes in muscle tissue 
on post-hatch d 14 and 28 [162]. TM at 40.5 °C for 3 h 
on ED 15, 16, and 17 reduced the HSP27, HSP60, HSP70, 
HSP90 alpha, HSP90 beta, and ubiquitin. A higher 
methylation level is observed in the promoter region 
of the HSP70, HSP90 alpha, and beta genes in the TM 
group at 42 d of age, which might be an essential factor 
in contributing to epigenetic adaptation [163]. This evi-
dence suggests that exposure to TM during embryonic 
development has both short-term and long-term effects 
on the expression of HSFs in broiler chickens, manifest-
ing after TM exposure has ended. Moreover, this change 
was linked to enhanced thermotolerance development 
in broiler chickens under heat stress. However, TM (41 
°C during ED 15 to 17 for 3  h/d) exhibited no signifi-
cant adverse effect on the cerebral tissue. However, mild 
degeneration happened in the HS group. HSPB1, HSPB5, 
HSPB8, and HSPB9 were expressed with or without the 
TM. All small heat shock proteins were downregulated 
except HSPB9, which was elevated in the HS group in 
response to TM [164]. An examination of the gene bank 
reveals that HSPB9, among the small heat shock pro-
teins analyzed in the present research, does not contain 
introns. The absence of introns may expedite the quick 

expression of HSPs and clarify how they can be expressed 
despite stressors such as heat that may disrupt RNA 
splicing [165]. Additionally, reduced HSP levels in ther-
mally manipulated birds may suggest decreased harm to 
the cellular structures [166]. Interestingly, a study con-
ducted on Pekin ducks yielded different results. TM at 38 
°C from ED 1 to 10 increases HSP70 mRNA expression in 
the bursa. The increased transcription of HSP70 mRNA 
in duck embryos subjected to high incubation tempera-
tures is likely a protective measure against the higher 
temperature [167]. In Japanese quail, TM at 39.5 °C from 
ED 10 to 13 for 12 h/d had minimal effect on the regu-
lation of gene expression in the hypothalamus. However, 
In females, the effects of changes in TM gene expression 
induced by heat challenge (post-hatch, 36 °C for 7  h)) 
were most noticeable, with an approximately 20-fold 
increase in the number of differentially expressed genes. 
TM may improve the gene response to stress in the quail 
hypothalamus and facilitate new cellular coping mecha-
nisms under adverse conditions, as demonstrated by the 
identification of differentially expressed genes related to 
mitochondrial and heat-response functions [168].

TM significantly impacts necessary heat shock protein-
related and anti-inflammatory gene expression. Heat 
shock-related genes initiate the stress response at the cel-
lular level in the body. Then, it signals the anti-inflamma-
tory genes to start the inflammatory response. According 
to the studies, TM can significantly upregulate the heat 
shock proteins-related genes, which means TM-treated 
birds are more efficient in stopping the stress response in 
the body.

Effects of TM on metabolism
Genetic selection for the development and efficiency 
of meat-type chickens has enhanced metabolic rates. 
In contrast, selection for reproductive qualities of egg 
type has resulted in increased lipid metabolism [169]. 
The processes underlying the acquisition  of thermo-
tolerance and molecular changes in metabolic rate 
have remained elusive. During embryogenesis, TM 
has been demonstrated to reduce  O2 intake and heart 
rate, implying a decreased reclining metabolic rate and 
modifications in the vasomotor response [170]. In male 
chicks, it is reported that TM at 39 °C for 6 h/d during 
ED 0–5 has a higher metabolic rate under hypercap-
nia, and there was no change in the metabolism under 
normoxia/normocapnia. In the case of female chicks, 
the hypoxic-hypometabolic response was reduced, 
implying that they had a slower metabolic response 
to hypoxia [132], which appears detrimental to life in 
those circumstances [171]. Hypoxia had a decreased 
depressing effect on metabolism in TM chickens, 
which may be required to maintain a robust ventilatory 
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response to low-O2 settings. These chicks had a greater 
hypoxic ventilatory response (significant in females, 
with a trend in males), which could have reduced the 
hypometabolic response.

TM at 39.5 °C and 65% RH for 12 h/d during ED 7–16 
significantly influenced thyroid hormone metabolism 
by lowering the muscle mRNA regulation of DIO3. TM 
enhanced DIO2 mRNA expression in the liver while 
decreasing citrate synthase activity, which is vital in the 
Krebs cycle. In the muscle of TM groups, the phospho-
rylation level of p38 mitogen-activated protein kinase, 
which regulates the cell stress response, was higher than 
in controls. TM altered energy utilization and develop-
ment markers in the pectoralis  major muscle and the 
liver. It may indicate a long-lasting adaptation by restrict-
ing energy metabolism or reducing TM during incuba-
tion when faced with a heat challenge in later life [172]. 
An elevated ambient temperature (32 °C for one week) 
changes the synthesis machinery and the beginning of 
translation, resulting in reduced protein synthesis rates. 
In chickens that received glucose–arginine therapy, glu-
cose levels were significantly greater at 32  °C compared 
to 22  °C, but insulinemia did not vary significantly. The 
muscular expression of PGC-1α was approximately 
reduced by 40% after exposure to the heat challenge (32 
°C for one week). PGC-1α is a transcription factor that 
regulates energy metabolism. So, lower expression of 
PGC-1α reflects the reduced intensity of oxidative metab-
olism. The infusion of glucose–arginine to fed chickens 
resulted in increased glycemia at 32  °C than at 22  °C, 
with no thermally-related variation in insulinemia, indi-
cating that insulin has a decreased potential to promote 
glucose absorption or that response kinetics are delayed 
during heat circumstances [173]. TM at 38.9 °C from ED 
10.5  to 17.5 a bolus of (U-13C) glucose in the chorioal-
lantoic fluid raises the glucose need in chicken embryos 
throughout perinatal development, as evidenced by a 
rise in glucose oxidation and a reduction in hepatic gly-
cogen. Possibly mediated by increased gluconeogenesis 
from glucogenic amino acids to permit anaerobic glyco-
lysis, increased gluconeogenesis from glucogenic amino 
acids to allow anaerobic glycolysis may jeopardize fruitful 
hatching and impair body growth [174].

Embryonic TM can significantly influence the essen-
tial hormone related to metabolism. Then, it upregu-
lates the genes associated with various metabolic cycles 
in the body, even at high environmental temperatures. 
Therefore, TM birds sacrifice metabolism to some 
extent in heat stress conditions but do not impair mus-
cle growth. Thus, it keeps the growth at an optimum 
level. However, the exact role of TM in metabolism is 
still unknown (Tables 3 and 4).

Challenges of TM in poultry
Several difficulties are involved in implementing a TM 
strategy, even though it has demonstrated promising out-
comes in enhancing growth rates, feed conversion, and 
disease resistance. Among these difficulties are:

Precision: Maintaining accurate temperature con-
trol is critical, particularly during embryonic devel-
opment, when the temperature is essential for the 
embryo’s healthy development. Developmental prob-
lems or death may come from temperatures too high 
or too low. Following the age and particular needs of 
the birds, which can change depending on the breed, 
sex, and production system, the temperature should 
also be adjusted. Also, the TM starting and ending 
day is very important. Very early stages of TM can 
kill the embryo or hamper post-hatch growth and 
performance. If TM begins at a later age, that might 
not affect the embryo; thus, there will be no perfor-
mance improvement in later life.
Environmental factors: Environmental elements like 
altitude, humidity, and ventilation can also impact 
how well TM works. Low ventilation can raise the 
risk of respiratory disease, while high humidity can 
make cooling methods less efficient. It is crucial to 
consider the humidity rate during the development 
period to prevent the dehydration of embryos. To 
maximize the advantages of TM, the production 
environment should be adequately monitored and 
maintained.
Genetics and breed: The birds’ genetics and breed can 
impact the efficiency of TM. Genetic selection can 
affect how a breed reacts to temperature manipula-
tion, and certain breeds may respond to TM more 
effectively than others. Consequently, it is essential to 
consider the birds’ genetics and breed selection when 
using TM.
Cost: Specialized tools are needed for TM, includ-
ing incubators, hatchers, and brooders, which can be 
costly to buy and operate. Furthermore, the energy 
usage and upkeep expenses related to heating and 
cooling systems might be high.
Labor: Temperature and humidity levels must be 
regularly checked and adjusted during the TM. This 
method can be labor- and time-intensive in larger 
enterprises where multiple incubators, hatchers, and 
brooders may be needed.
Training and education: It is crucial to acknowledge 
that hatcheries can utilize TM to enhance long-term 
on-farm chicken thermoregulation. This necessitates 
a strong collaboration between hatchery practition-
ers and other professionals. The cost of implement-
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ing TM in hatcheries should be weighed against 
the benefits it brings to other practitioners. Proper 
training and education are essential for successfully 
implementing TM. The appropriate administration 
of the equipment, monitoring, and adjusting tem-
perature and humidity levels should all be covered 
in staff training. This can help to limit the likelihood 
of errors and guarantee that the birds experience the 
tremendous benefits of TM.
Health and safety: Using heating and cooling sys-
tems has some inherent risks, including fire risk, 
electrical concerns, and producing poisonous 
chemicals. In addition, stress from touching the 
chicks during the process may negatively impact 
the birds’ health and welfare. Proper administra-
tion, maintenance, and equipment inspection are 
essential to maintain the workers’ and birds’ health 
and safety.
Ethics: According to some critics, the well-being 
of the birds may be jeopardized if TM is used to 
enhance performance and speed up growth. When 
using this approach, it is essential to consider the 
risks involved, such as the likelihood that skeletal and 
metabolic diseases will become an issue depending 
on the type of TM applied. For ethical grounds, spe-
cific customers and animal welfare organizations may 
also object to TM.
Regulatory requirements: Depending on the region, 
regulations governing TM in chicken production 
may exist. Hence, manufacturers should know the 

legal requirements before using TM and secure the 
required licenses and approvals.

The potential of TM in poultry
Recent research has indicated that the TM approach may 
have advantages for poultry production. Exposure to var-
ious temperatures during specific developmental phases 
can significantly affect a bird’s growth rate, feed conver-
sion efficiency, immune system, heat tolerance, behavior, 
and egg production.

Reduced resource utilization is one way that TM can 
support sustainability. Birds need less feed to grow to the 
same size because of increased feed conversion efficiency, 
which can result in lower feed costs and less demand 
for feed supplies. This can lessen the impact of chicken 
production on the environment and conserve natural 
resources. Improved animal well-being is a potential side 
effect of TM for sustainability. Birds may be more able to 
handle environmental challenges and have higher over-
all health and well-being if aggressiveness decreases and 
heat tolerance increases [83, 84]. This may lessen the need 
for veterinary interventions and administering antibiotics 
and other drugs, which may harm the environment.

TM can also reduce greenhouse gas emissions from 
poultry production. We have evidence that thermally 
manipulated birds hatched 5–6 h earlier than the custom-
arily incubated birds. It can reduce energy consumption 
in industries. Thus, cutting the production cost means 
the prices will be more affordable. Birds create less waste 
and use fewer resources to produce the same amount of 

Table 4 The Effects of pre-hatch thermal manipulation on health and production performance on layers, Pekin ducks and quails

Only significant (P < 0.05) post-hatch effects (excluding hatchability) are considered in the table

Thermal manipulation Effects References

Temperature, °C Time, h/d ED Increase Decrease

36.5 (layer) 6 10–18 Hatchability, hatch time, SOD(U/mL),  T3 [201]

Standard incubation temperature (37.5–37.8 °C)
38 (Pekin duck) 24 0–10 IL6, IFNG, IL10, HSP70 [167]

11–24 Liver weight Hatchability [121]

38.5 (layer) 6 10–18 Hatchability, hatch time [201]

39 (layer) 24 0–21 Egg mass, egg conduct-
ance, heart weight, BEecf 
(mmol/L)

[133]

39.1 (quail) 2 4–14 Hatchability Hatch time [202]

40 (layer) 4 14–18 Hatchability, hatch time [28]

41 (quail) 3 6–8 Body weight, breast meat pH Female hatch weight, 
abdominal fat weight (%)

[88, 125]

12–14 Breast meat pH Body weight [125]

6–8 and 12–14 Carcass weight (%), breast weight (%), 
breast meat pH

[125]
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meat or eggs by increasing feed conversion efficiency. In 
terms of greenhouse gas emissions and fertilizer runoff, 
this can help lessen the environmental impact of chicken 
production. Finally, TM can help create a more sus-
tainable food system by improving the effectiveness of 
resource utilization in chicken production.

TM in poultry production has the potential to 
advance sustainability by lowering resource consump-
tion, enhancing animal welfare, reducing greenhouse gas 
emissions, and improving resource efficiency. TM should 
support the birds’ health and well-being while mini-
mizing environmental effects; as with any production 
method, it is crucial to assess the potential repercussions 
and trade-offs carefully.

Conclusion
The manipulation of thermal conditions during the 
embryonic development of broiler chickens is a prom-
ising technique that can enhance hatch parameters 
and post-hatch growth performance. A review of the 
available studies reveals that adjusting the temperature 
at specific stages of embryonic development can sig-
nificantly improve hatchability, body weight, feed con-
version ratio, and growth rate. However, the optimal 
temperature ranges and durations of thermal manipu-
lation may vary depending on several variables, such as 
breed, environmental circumstances, and management 
techniques. Based on the available evidence, a tem-
perature range of 38.5–39.5  °C for 12–18  h/d during 

mid to late embryonic stages shows promising results. 
Nonetheless, additional research is necessary to refine 
thermal manipulation techniques and gain a deeper 
understanding of the underlying physiological princi-
ples. Overall, these findings have significant implica-
tions for the poultry industry. These studies indicate 
that thermal manipulation can be an effective way to 
enhance both the hatchability and growth performance 
of broiler chickens. However, more research is neces-
sary to optimize this technique and determine its prac-
ticality on a larger scale Fig. 5.

Abbreviations
AvUCP  Avian uncoupling protein
BW  Body weight
CRH  Corticotropin-releasing hormone
DUOX1  Dual oxidase 1
DUOX2  Dual oxidase 2
DNA  Deoxyribonucleic acid
DP  Differential peaks
DIO2  Deiodinase enzymes 2
DIO3  Deiodinase enzymes 3
EA  Early heat treatment
ED  Embryonic days
EST  Eggshell temperature
FCR  Feed conversion ratio
GPX2  Glutathione peroxidase 2
GH  Growth hormone
HS  Heat stress
HSP  Heat shock protein
HSF1  Heat shock factor 1
HSF2  Heat shock factor 2
HSF3  Heat shock factor 3
HSF4  Heat shock factor 4
HSPB1  Heat shock protein B1
HSP60  Heat shock protein 60

Fig. 5 Effects of thermal manipulation (TM) in broiler chicken (Created by Biore nder. com)

https://www.biorender.com/


Page 24 of 29Al Amaz and Mishra  Journal of Animal Science and Biotechnology           (2024) 15:75 

HSP70  Heat shock protein 70
HSP90  Heat shock protein 90
HSP100  Heat shock protein 100
HSPH1  Heat shock protein H1
HSPB1  Heat shock protein B1
HSPB5  Heat shock protein B5
HSPB8  Heat shock protein B8
HSPB9  Heat shock protein B9
HPT-axis  Hypothalamic-pituitary-thyroid axis
HPA-axis  Hypothalamic-pituitary-adrenal axis
IT  Incubation treatment
IL-1  Interleukin 1
IL-6  Interleukin 6
IGF-1  Insulin-like growth factor 1
LA  Late heat treatment
MyoD  Myoblast determination protein 1
NADPH  Nicotinamide adenine dinucleotide phosphate
NOX1  NADPH oxidase 1
NOX2  NADPH oxidase 2
NOX3  NADPH oxidase 3
NOX4  NADPH oxidase 4
NOX5  NADPH oxidase 5
NT  Natural treatment
NFkB  Nuclear factor kappa
NFkB50  Nuclear factor kappa 50
NFkB65  Nuclear factor kappa 65
PAX3  Paired box gene 3
PAX7  Paired box gene 7
PCNA  Proliferating cell nuclear antigen
PD  Post-hatch day
PGC-1α  Peroxisome proliferator-activated receptor-gamma coactivator 1α
PO/AH  Preoptic anterior hypothalamic
PVN  Paraventricular nucleus
RH  Relative humidity
ROS  Reactive oxygen species
RNS  Reactive nitrogen species
SOD1  Superoxide dismutase 1
SOD2  Superoxide dismutase 2
SRIH  Somatotropin release-inhibiting hormone
TSH  Thyroid stimulating hormone
TC  Thermal conditioning
TLR2  Toll-like receptor 2
TLR4  Toll-like receptor 4
TM  Thermal manipulation
TRH  Thyrotropin-releasing hormone
UCP  Uncoupling protein
UCP2  Uncoupling protein 2
UCP3  Uncoupling protein 3

Authors’ contributions
SA drafted the manuscript and BM reviewed and edited the manuscript. All 
authors approved the final version of the manuscript.

Funding
The research was funded by a USDA Multistate (2052R) grant from the CTAHR 
University of Hawaii at Manoa to B.M.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no conflict of interest in this manuscript.

Received: 22 November 2023   Accepted: 1 April 2024

References
 1. Intergovernmental Panel on Climate Change (IPCC), 2019. Summary for 

policymakers. In: Shukla PR, Skea J, Calvo Buendia E, Masson-Delmotte 
V, Pörtner HO, Roberts DC, et al., editors. Climate change and land: an 
IPCC special report on climate change, desertification, land degrada-
tion, sustainable land management, food security, and greenhouse gas 
fluxes in terrestrial ecosystems. Cambridge and New York: Cambridge 
University Press; 2022. p. 1–36. https:// doi. org/ 10. 1017/ 97810 09157 988. 
001.

 2. Intergovernmental Panel on Climate Change (IPCC), 2021. Summary for 
policymakers. In: Masson-Delmotte V, Zhai P, Pirani A, Connors SL, Péan 
C, Berger S, et al., editors. Climate change 2021: the physical science 
basis. Contribution of working group I to the sixth assessment report of 
the intergovernmental panel on climate change. Cambridge and New 
York: Cambridge University Press; 2023. p. 3−32. https:// doi. org/ 10. 
1017/ 97810 09157 896. 001

 3. Intergovernmental Panel on Climate Change (IPCC), 2018. Summary 
for policymakers. In: Masson-Delmotte V, Zhai P, Pörtner HO, Roberts 
D, Skea J, Shukla PR, et al., editors. Global warming of 1.5 ºC. An IPCC 
special report on the impacts of global warming of 1.5 ºC above pre-
industrial levels and related global greenhouse gas emission pathways 
in the context of strengthening the global response to the threat of 
climate change, sustainable development, and efforts to eradicate 
poverty. Cambridge and New York: Cambridge University Press; 2022. p. 
3–24. https:// doi. org/ 10. 1017/ 97810 09157 940. 001.

 4. Rovelli G, Ceccobelli S, Perini F, Demir E, Mastrangelo S, Conte G, et al. 
The genetics of phenotypic plasticity in livestock in the era of climate 
change: a review. Ital J Anim Sci. 2020;19(1):997–1014. https:// doi. org/ 
10. 1080/ 18280 51X. 2020. 18095 40.

 5. Alexandratos N, Bruinsma J. World agriculture towards 2030/2050: the 
2012 revision. ESA Working paper No. 12–03. Rome, FAO.

 6. Zuidhof MJ, Schneider BL, Carney VL, Korver DR, Robinson FE. Growth, 
efficiency, and yield of commercial broilers from 1957, 1978, and 2005. 
Poult Sci. 2014;93:2970–82.

 7. Christensen K, Thaxton YV, Thaxton JP, Scanes CG. Changes in body 
temperature during growth and in response to fasting in growing 
modern meat type chickens. Br Poult Sci. 2012;53:531–7.

 8. Goo D, Kim JH, Park GH, Reyes JBD, Kil DY. Effect of heat stress and 
stocking density on growth performance, breast meat quality, and 
intestinal barrier function in broiler chickens. Animals. 2019;9(3):107. 
https:// doi. org/ 10. 3390/ ani90 30107

 9. Saeed M, Abbas G, Alagawany M, Kamboh AA, Abd El-Hack ME, Khafaga 
AF, et al. Heat stress management in poultry farms: A comprehensive 
overview. J Therm Biol. 2019;84:414–25. https:// doi. org/ 10. 1016/j. jther 
bio. 2019. 07. 025.

 10. Nawab A, Ibtisham F, Li G, Kieser B, Wu J, Liu W, et al. Heat stress in poul-
try production: Mitigation strategies to overcome the future challenges 
facing the global poultry industry. J Therm Biol. 2018;78:131–9. https:// 
doi. org/ 10. 1016/j. jther bio. 2018. 08. 010

 11. Abd El-Hack ME, Alagawany M, Noreldin AE. Managerial and nutritional 
trends to mitigate heat stress risks in poultry farms. In: Negm A, 
Abu-hashim M, editors. Sustainability of Agricultural Environment in 
Egypt: Part II. The Handbook of Environmental Chemistry, vol 77. Cham: 
Springer. 2018. p. 325–38. https:// doi. org/ 10. 1007/ 698_ 2018_ 290.

 12. Khan RU, Naz S, Ullah H, Ullah Q, Laudadio V, Qudratullah, et al. Physi-
ological dynamics in broiler chickens under heat stress and possible 
mitigation strategies. Anim Biotechnol. 2023;34(2):438–47.

 13. Lara LJ, Rostagno MH. Impact of heat stress on poultry production. 
Animals. 2013. https:// doi. org/ 10. 3390/ ani30 20356.

 14. Wasti S, Sah N, Mishra B. Impact of heat stress on poultry health 
and performances, and potential mitigation strategies. Animals. 
2020;10(8):1266. https:// doi. org/ 10. 3390/ ani10 081266.

https://doi.org/10.1017/9781009157988.001
https://doi.org/10.1017/9781009157988.001
https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1017/9781009157896.001
https://doi.org/10.1017/9781009157940.001
https://doi.org/10.1080/1828051X.2020.1809540
https://doi.org/10.1080/1828051X.2020.1809540
https://doi.org/10.3390/ani9030107
https://doi.org/10.1016/j.jtherbio.2019.07.025
https://doi.org/10.1016/j.jtherbio.2019.07.025
https://doi.org/10.1016/j.jtherbio.2018.08.010
https://doi.org/10.1016/j.jtherbio.2018.08.010
https://doi.org/10.1007/698_2018_290
https://doi.org/10.3390/ani3020356
https://doi.org/10.3390/ani10081266


Page 25 of 29Al Amaz and Mishra  Journal of Animal Science and Biotechnology           (2024) 15:75  

 15. Bilal RM, Hassan F ul, Farag MR, Nasir TA, Ragni M, Mahgoub HAM, et al. 
Thermal stress and high stocking densities in poultry farms: Potential 
effects and mitigation strategies. J Therm Biol. 2021;99:102944.

 16. Rajaei-Sharifabadi H, Greene E, Piekarski A, Falcon D, Ellestad L, Dono-
ghue A, et al. Surface wetting strategy prevents acute heat exposure–
induced alterations of hypothalamic stress– and metabolic-related 
genes in broiler chickens. J Anim Sci. 2017;95:1132–43.

 17. Chaudhary A, Mishra P, Amaz SA, Mahato PL, Das R, Jha R, et al. Dietary 
supplementation of microalgae mitigates the negative effects of heat 
stress in broilers. Poult Sci. 2023;102(10):102958. https:// doi. org/ 10. 
1016/j. psj. 2023. 102958.

 18. Carabaño MJ, Ramón M, Menéndez-Buxadera A, Molina A, Díaz C. 
Selecting for heat tolerance. Anim Front. 2019;9:62–8.

 19. Yahav S. Alleviating heat stress in domestic fowl: Different strategies. 
Worlds Poult Sci J. 2009. https:// doi. org/ 10. 1017/ S0043 93390 90004 9X.

 20. Piestun Y, Shinder D, Ruzal M, Halevy O, Brake J, Yahav S. Thermal 
manipulations during broiler embryogenesis: effect on the acquisition 
of thermotolerance. Poult Sci. 2008;87:1516–25.

 21. Loyau T, Berri C, Bedrani L, Métayer-Coustard S, Praud C, Duelos 
MJ, et al. Thermal manipulation of the embryo modifies the physi-
ology and body composition of broiler chickens reared in floor 
pens without affecting breast meat processing quality. J Anim Sci. 
2013;91(8):3674–85.

 22. Yahav S, Straschnow A, Plavnik I, Hurwitz S. Blood system response of 
chickens to changes in environmental temperature. Bet Dagan Poult 
Sci. 1997;76(4):627–33.

 23. Guerreiro EN, Giachetto PF, Givisiez PEN, Ferro JA, Ferro MIT, Gabriel JE, 
et al. Brain and hepatic hsp70 protein levels in heat-acclimated broiler 
chickens during heat stress. Braz J Poult Sci. 2004;6(4):201–6. https:// doi. 
org/ 10. 1590/ S1516- 635X2 00400 04000 02.

 24. De Basilio V, Requena F, León A, Vilariño M, Picard M. Early age thermal 
conditioning immediately reduces body temperature of broiler chicks 
in a tropical environment. Poult Sci. 2003;82(8):1235–41.

 25. Al-Rukibat RK, Al-Zghoul MB, Hananeh WM, Al-Natour MQ, Abu-Basha 
EA. Thermal manipulation during late embryogenesis: effect on body 
weight and temperature, thyroid hormones, and differential white 
blood cell counts in broiler chickens. Poult Sci. 2017;96:234–40.

 26. Piestun Y, Halevy O, Yahav S. Thermal manipulation of broiler embryos-
the effect on thermoregulation and development during embryogen-
esis. Poult Sci. 2009;88:2677–88.

 27. Yahav S, Collin A, Shinder D, Picard M. Thermal manipulations during 
broiler chick embryogenesis: effects of timing and temperature. Poult 
Sci. 2004;83(12):1959–63.

 28. Walstra I, Ten NJ, Kemp B, van den Brand H. Temperature manipulation 
during layer chick embryogenesis. Poult Sci. 2010;89:1502–8.

 29. Collin A, Berri C, Tesseraud S, Requena Rodó FE, Skiba-Cassy S, Crochet 
S, et al. Effects of thermal manipulation during early and late embryo-
genesis on thermotolerance and breast muscle characteristics in broiler 
chickens. Poult Sci. 2007;86(5):795–800.

 30. Loyau T, Bedrani L, Berri C, Métayer-Coustard S, Praud C, Coustham 
V, et al. Cyclic variations in incubation conditions induce adap-
tive responses to later heat exposure in chickens: a review. Animal. 
2014;9:76–85.

 31. Debonne M, Baarendse PJJ, Van Den Brand H, Kemp B, Bruggeman V, 
Decuypere E. Involvement of the hypothalamic-pituitary-thyroid axis 
and its interaction with the hypothalamic-pituitary-adrenal axis in the 
ontogeny of avian thermoregulation: a review. Worlds Poult Sci J. 2008. 
https:// doi. org/ 10. 1017/ S0043 93390 80000 56.

 32. Van Tienhoven A, Scott NR, Hillman PE. The hypothalamus and ther-
moregulation: a review. Poult Sci. 1979;58(6):1633–9.

 33. Boulant JA. Role of the preoptic-anterior hypothalamus in thermoregu-
lation and fever. Clin Infect Dis. 2000;31(Suppl 5):S157–61. https:// doi. 
org/ 10. 1086/ 317521.

 34. Decuypere E, Van As P, Van Der Geyten S, Darras VM. Thyroid hormone 
availability and activity in avian species: a review. Domest Anim Endo-
crinol. 2005. https:// doi. org/ 10. 1016/j. doman iend. 2005. 02. 028.

 35. Ruuskanen S, Hsu BY, Nord A. Endocrinology of thermoregulation in 
birds in a changing climate. Mol Cell Endocrinol. 2021. https:// doi. org/ 
10. 1016/j. mce. 2020. 111088

 36. Collin A, Taouis M, Buyse J, Ifuta NB, Darras VM, Van As P, et al. Thyroid 
status, but not insulin status, affects expression of avian uncoupling 

protein mRNA in chicken. Am J Physiol Endocrinol Metab. 2003. https:// 
doi. org/ 10. 1152/ ajpen do. 00478. 2002

 37. Causey Whittow G, editors. Sturkie’s Avian physiology. 5th ed. Academic 
Press; 2000. https:// doi. org/ 10. 1016/ B978-0- 12- 747605- 6. X5000-7

 38. Geris KL, Kotanen SP, Berghman LR, Kü ER, Darras VM. Evidence of a 
thyrotropin-releasing activity of ovine corticotropin-releasing factor 
in the domestic fowl (Gallus domesticus). Gen Comp Endocrinol. 
1996;104(2):139–46.

 39. Velichko AK, Markova EN, Petrova NV, Razin SV, Kantidze OL. 
Mechanisms of heat shock response in mammals. Cell Mol Life Sci. 
2013;70:4229–41. https:// doi. org/ 10. 1007/ s00018- 013- 1348-7.

 40. Kregel KC. Invited review: heat shock proteins: modifying factors in 
physiological stress responses and acquired thermotolerance. J Appl 
Physiol. 2002;92(5):2177–86. https:// doi. org/ 10. 1152/ jappl physi ol. 01267. 
2001.

 41. Chen B, Feder ME, Kang L. Evolution of heat-shock protein expres-
sion underlying adaptive responses to environmental stress. Mol Ecol. 
2018;27(15):3040–54. https:// doi. org/ 10. 1111/ mec. 14769.

 42. Slimen IB, Najar T, Ghram A, Dabbebi H, Ben Mrad M, Abdrabbah M. 
Reactive oxygen species, heat stress and oxidative-induced mitochon-
drial damage. A review. Informa Healthcare; 2014;30(7):513–23. https:// 
doi. org/ 10. 3109/ 02656 736. 2014. 971446.

 43. Fujimoto M, Nakai A. The heat shock factor family and adaptation to 
proteotoxic stress. FEBS J. 2010;277(20):4112–25. https:// doi. org/ 10. 
1111/j. 1742- 4658. 2010. 07827.x.

 44. Gupta M, Kumar S, Dangi S, Jangir B. Physiological, biochemical and 
molecular responses to thermal stress in goats. Int J Livest Prod. 
2013;3:27.

 45. Balakrishnan KN, Ramiah SK, Zulkifli I. Heat shock protein response to 
stress in poultry: a review. Animals (Basel). 2023;13(2):317.

 46. Murashov AK, Talebian S, Wolgemuth DJ. Role of heat shock protein 
Hsp25 in the response of the orofacial nuclei motor system to physi-
ological stress. Mol Brain Res. 1998;63(1):14–24.

 47. Vidyasagar A, Wilson NA, Djamali A. Heat shock protein 27 (HSP27): 
biomarker of disease and therapeutic target. Fibrogenesis Tissue Repair. 
2012;5(1):7.

 48. Perini F, Cendron F, Rovelli G, Castellini C, Cassandro M, Lasagna E. 
Emerging genetic tools to investigate molecular pathways related to 
heat stress in chickens: a review. Animals. 2021. https:// doi. org/ 10. 3390/ 
2Fani 11010 046.

 49. Schirmer EC, Glover JR, Singer MA, Lindquist S. HSP l00/Clp proteins: a 
common mechanism explains diverse functions. Trends Biochem Sci. 
1996;21(8):289–96.

 50. Östling P, Björk JK, Roos-Mattjus P, Mezger V, Sistonen L. Heat shock fac-
tor 2 (HSF2) contributes to inducible expression of hsp genes through 
interplay with HSF1. J Biol Chem. 2007;282:7077–86.

 51. Tzschentke B, Plagemann A. Imprinting and critical periods in early 
development. Worlds Poult Sci J. 2006;62(4):626–37.

 52. Weinhold B. Epigenetics: the science of change. Environ Health Per-
spect. 2006;114(3):A160–7.

 53. Dunislawska A, Pietrzak E, Wishna Kadawarage R, Beldowska A, Siwek 
M. Pre-hatching and post-hatching environmental factors related to 
epigenetic mechanisms in poultry. J Anim Sci. 2022;100(1):skab370. 
https:// doi. org/ 10. 1093/ jas/ skab3 70.

 54. Kim M, Costello J. DNA methylation: an epigenetic mark of cellular 
memory. Exp Mol Med. 2017;49:e322.

 55. Xu P, Lin H, Jiao H, Zhao J, Wang X. Advances in epigenetic mechanisms 
of chick embryo heat acclimation. Worlds Poult Sci J; 2022;78(4):953–69. 
https:// doi. org/ 10. 1080/ 00439 339. 2022. 20948 45.

 56. Delcuve GP, Khan DH, Davie JR. Roles of histone deacetylases in epige-
netic regulation: Emerging paradigms from studies with inhibitors. Clin 
Epigenet. 2012;4(1):5.

 57. David SA, Vitorino Carvalho A, Gimonnet C, Brionne A, Hennequet-
Antier C, Piégu B, et al. Thermal manipulation during embryogenesis 
impacts h3k4me3 and h3k27me3 histone marks in chicken hypothala-
mus. Front Genet. 2019. https:// doi. org/ 10. 3389/ 2Ffge ne. 2019. 01207

 58. Hamburger V, Hamilton HL. A series of normal stages in the develop-
ment of the chick embryo. Dev Dyn. 1992;195:231–72.

 59. Tzschentke B. Monitoring the development of thermoregulation in 
poultry embryos and its influence by incubation temperature. Comput 
Electron Agric. 2008;64:61–71.

https://doi.org/10.1016/j.psj.2023.102958
https://doi.org/10.1016/j.psj.2023.102958
https://doi.org/10.1017/S004393390900049X
https://doi.org/10.1590/S1516-635X2004000400002
https://doi.org/10.1590/S1516-635X2004000400002
https://doi.org/10.1017/S0043933908000056
https://doi.org/10.1086/317521
https://doi.org/10.1086/317521
https://doi.org/10.1016/j.domaniend.2005.02.028
https://doi.org/10.1016/j.mce.2020.111088
https://doi.org/10.1016/j.mce.2020.111088
https://doi.org/10.1152/ajpendo.00478.2002
https://doi.org/10.1152/ajpendo.00478.2002
https://doi.org/10.1016/B978-0-12-747605-6.X5000-7
https://doi.org/10.1007/s00018-013-1348-7
https://doi.org/10.1152/japplphysiol.01267.2001
https://doi.org/10.1152/japplphysiol.01267.2001
https://doi.org/10.1111/mec.14769
https://doi.org/10.3109/02656736.2014.971446
https://doi.org/10.3109/02656736.2014.971446
https://doi.org/10.1111/j.1742-4658.2010.07827.x
https://doi.org/10.1111/j.1742-4658.2010.07827.x
https://doi.org/10.3390/2Fani11010046
https://doi.org/10.3390/2Fani11010046
https://doi.org/10.1093/jas/skab370
https://doi.org/10.1080/00439339.2022.2094845
https://doi.org/10.3389/2Ffgene.2019.01207


Page 26 of 29Al Amaz and Mishra  Journal of Animal Science and Biotechnology           (2024) 15:75 

 60. Jones TA, Jones SM, Paggett KC. Emergence of hearing in the chicken 
embryo. J Neurophysiol. 2006;96:128–41.

 61. Mellor DJ, Diesch TJ. Birth and hatching: Key events in the onset of 
awareness in the lamb and chick. N Z Vet J. 2007;55:51–60.

 62. Tong Q, Romanini CE, Exadaktylos V, Bahr C, Berckmans D, Bergoug 
H, et al. Embryonic development and the physiological factors that 
coordinate hatching in domestic chickens. Poult Sci. 2013. https:// doi. 
org/ 10. 3382/ ps. 2012- 02509.

 63. French NA. Effect of short periods of high incubation temperature on 
hatchability and incidence of embryo pathology of turkey eggs. Br 
Poult Sci. 2000;41:377–82.

 64. Piestun Y, Shinder D, Ruzal M, Halevy O, Yahav S. The effect of thermal 
manipulations during the development of the thyroid and adrenal 
axes on in-hatch and post-hatch thermoregulation. J Therm Biol. 
2008;33:413–8.

 65. Brannan KE, Livingston KA, Jansen van Rensburg C. Embryonic thermal 
manipulation and dietary fat source during acute heat stress: 1. effect 
on hatchability and broiler performance. J Appl Poult Res. 2021. https:// 
doi. org/ 10. 1016/j. japr. 2021. 100143.

 66. Lourens A, Van Den Brand H, Heetkamp MJW, Meijerhof R, Kemp B. 
Metabolic responses of chick embryos to short-term temperature 
fluctuations. Poult Sci. 2006;85(6):1081–6.

 67. Tzschentke B, Halle I. Influence of temperature manipulation during 
the last 4 days of incubation on hatching results, post-hatching 
performance, and adaptability to warm growing conditions in broiler 
chickens. J Poult Sci. 2011;48(2):97–105.

 68. Abuoghaba AA, Rizk YS, Ismail II, Awadien NB. Impact of hen treatment 
with bee pollen and thermal manipulation during early egg incubation 
period on the hatchability and embryonic development of chicks. J 
Anim Feed Sci. 2018;27:341–8.

 69. Tzschentke B. Attainment of thermoregulation as affected by environ-
mental factors. Poult Sci. 2007;86(5):1025–36.

 70. Piestun Y, Druyan S, Brake J, Yahav S. Thermal treatments prior to and 
during the beginning of incubation affect phenotypic characteristics of 
broiler chickens posthatching. Poult Sci. 2013;92:882–9.

 71. Amaz S Al, Shahid MAH, Chaudhary A, Jha R, Mishra B. Embryonic 
thermal manipulation reduces hatch time, increases hatchability, ther-
motolerance, and liver metabolism in broiler embryos. Poult Sci. 2024. 
https:// doi. org/ 10. 1016/j. psj. 2024. 103527.

 72. Skalski JR, Ryding KE, Millspaugh JJ. Estimating population sex ratios. 
Wildlife Demogr. 2005. https:// doi. org/ 10. 1016/ B978-0- 12- 088773- 6. 
X5000-7.

 73. Dhahir S. Effect of thermal manipulation during embryogenesis on 
thermotolerance and hatched broiler performance. Nutr Food Sci. 
2016;1:12–9.

 74. Göth A, Booth DT. Temperature-dependent sex ratio in a bird. Biol 
Lett. 2005;1:31–3.

 75. Elmehdawi AS. The effects of altering incubation temperature on 
broiler chick hatchability, chick quality, sex ratio, and subsequent 
performance under field conditions. Dissertation, the Graduate 
School of Clemson University. 2013.

 76. Collins KE, Jordan BJ, McLendon BL, Navara KJ, Beckstead RB, Wilson 
JL. No evidence of temperature-dependent sex determination or sex-
biased embryo mortality in the chicken. Poult Sci. 2013;92:3096–102.

 77. Tzschentke B, Halle I. Influence of temperature stimulation during the 
last 4 days of incubation on secondary sex ratio and later performance 
in male and female broiler chicks. Br Poult Sci. 2009;50:634–40.

 78. Halle I, Tzschentke B, Henning M, Köhler P. Influence of temperature 
stimulation during the last 6 days of incubation on hatching results 
and later performance in Pekin. Eur Poul Sci. 2012;76(3):176–83.

 79. Yahav S, Plavnik I. Effect of early-age thermal conditioning and food 
restriction on performance and thermotolerance of male broiler 
chickens. Br Poult Sci. 1999;40:120–6.

 80. Piestun Y, Halevy O, Yahav S. Thermal manipulations of broiler 
embryos-the effect on thermoregulation and development during 
embryogenesis. Poult Sci. 2009;88:2677–88.

 81. Verlinden SMD, Larsen MLV, Debontridder P, Youssef A, Everaert N, 
Norton T. Effect of lower temperature stimuli during incubation on 
fear and social-related behaviours in broilers. Appl Anim Behav Sci. 
2022. https:// doi. org/ 10. 1016/j. appla nim. 2022. 105572.

 82. Verlinden SMD, Larsen MLV, Parmiggiani A, Gao C, Li X, Youssef A, et al. 
Increased temperature during incubation increases the sociality of 
male broilers in later life. Appl Anim Behav Sci. 2023. https:// doi. org/ 10. 
1016/j. appla nim. 2022. 105815.

 83. Bertin A, Calandreau L, Meurisse M, Georgelin M, Palme R, Lumineau S, 
et al. Incubation temperature affects the expression of young precocial 
birds’ fear-related behaviours and neuroendocrine correlates. Sci Rep. 
2018;8:1857. https:// doi. org/ 10. 1038/ s41598- 018- 20319-y.

 84. Hope SF, Kennamer RA, Moore IT, Hopkins WA. Incubation temperature 
influences the behavioral traits of a young precocial bird. J Exp Zool A 
Ecol Integr Physiol. 2018;329:191–202.

 85. Ncho CM, Gupta V, Goel A. Effect of thermal conditioning on growth 
performance and thermotolerance in broilers: a systematic review and 
meta-analysis. J Therm Biol. 2021;98:102916. https:// doi. org/ 10. 1016/j. 
jther bio. 2021. 102916.

 86. Yahav S, Rath RS, Shinder D. The effect of thermal manipulations dur-
ing embryogenesis of broiler chicks (Gallus domesticus) on hatch-
ability, body weight and thermoregulation after hatch. J Therm Biol. 
2004;29:245–50.

 87. Zaboli GR, Rahimi S, Shariatmadari F, Torshizi MAK, Baghbanzadeh A, 
Mehri M. Thermal manipulation during pre and post-hatch on thermo-
tolerance of male broiler chickens exposed to chronic heat stress. Poult 
Sci. 2017;96:478–85.

 88. Alkan S, Karsli T, Karabag K, Galic A, Balcioglu MS. The effects of thermal 
manipulation during early and late embryogenesis on hatchability, 
hatching weight, and body weight in Japanese quails (Coturnix 
japonica). Arch Anim Breed. 2013;56:789–96.

 89. Stockdale F. Myogenic cell lineages. Dev Biol. 1992;154(2):284–98. 
https:// doi. org/ 10. 1016/ 0012- 1606(92) 90068-r.

 90. Morita VS, Almeida VR, Matos Junior JB, Vicentini TI, Van Den Brand 
H, Boleli IC. Incubation temperature alters thermal preference and 
response to heat stress of broiler chickens along the rearing phase. 
Poult Sci. 2016;95:1795–804.

 91. Klieverik LP, Coomans CP, Endert E, Sauerwein HP, Havekes LM, Voshol 
PJ, et al. Thyroid hormone effects on whole-body energy homeo-
stasis and tissue-specific fatty acid uptake in vivo. Endocrinology. 
2009;150:5639–48.

 92. Janisch S, Sharifi AR, Wicke M, Krischek C. Changing the incubation 
temperature during embryonic myogenesis influences the weight 
performance and meat quality of male and female broilers. Poult Sci. 
2015;94:2581–8.

 93. Flores F, Näas I de A, Garcia RG. Effect of thermal stimulation in embryos 
from cobb(r)genetic strain under commercial scale. Engenharia Agri-
cola. 2017;37:236–45.

 94. Yadgary L, Uni Z. Yolk sac carbohydrate levels and gene expression of 
key gluconeogenic and glycogenic enzymes during chick embryonic 
development. Poult Sci. 2012;91:444–53.

 95. Yalçin S, Çabuk M, Bruggeman V, Babacanoǧlu E, Buyse J, Decuypere 
E, et al. Acclimation to heat during incubation: 3. Body weight, cloacal 
temperatures, and blood acid-base balance in broilers exposed to daily 
high temperatures. Poult Sci. 2008;87:2671–7.

 96. Molenaar R, Hulet R, Meijerhof R, Maatjens CM, Kemp B, Van den Brand 
H. High eggshell temperatures during incubation decrease growth 
performance and increase the incidence of ascites in broiler chickens. 
Poult Sci. 2011;90:624–32.

 97. Piestun Y, Harel M, Barak M, Yahav S, Halevy O. Thermal manipulations 
in late-term chick embryos have immediate and longer term effects on 
myoblast proliferation and skeletal muscle hypertrophy. J Appl Physiol. 
2009;106:233–40.

 98. Tejeda OJ, Meloche KJ, Starkey JD. Effect of incubator tray location 
on broiler chicken growth performance, carcass part yields, and the 
meat quality defects wooden breast and white striping. Poult Sci. 
2021;100:654–62.

 99. Piestun Y, Druyan S, Brake J, Yahav S. Thermal manipulations during 
broiler incubation alter performance of broilers to 70 days of age. Poult 
Sci. 2013;92:1155–63.

 100. Nyuiadzi D, Travel A, Méda B, Berri C, Guilloteau LA, Coustham V, et al. 
Effect of low incubation temperature and low ambient temperature 
until 21 days of age on performance and body temperature in fast-
growing chickens. Poult Sci. 2017;96:4261–9.

https://doi.org/10.3382/ps.2012-02509
https://doi.org/10.3382/ps.2012-02509
https://doi.org/10.1016/j.japr.2021.100143
https://doi.org/10.1016/j.japr.2021.100143
https://doi.org/10.1016/j.psj.2024.103527
https://doi.org/10.1016/B978-0-12-088773-6.X5000-7
https://doi.org/10.1016/B978-0-12-088773-6.X5000-7
https://doi.org/10.1016/j.applanim.2022.105572
https://doi.org/10.1016/j.applanim.2022.105815
https://doi.org/10.1016/j.applanim.2022.105815
https://doi.org/10.1038/s41598-018-20319-y
https://doi.org/10.1016/j.jtherbio.2021.102916
https://doi.org/10.1016/j.jtherbio.2021.102916
https://doi.org/10.1016/0012-1606(92)90068-r


Page 27 of 29Al Amaz and Mishra  Journal of Animal Science and Biotechnology           (2024) 15:75  

 101. Collin A, Buyse J, Van As P, Darras VM, Malheiros RD, Moraes VMB, et al. 
Cold-induced enhancement of avian uncoupling protein expression, 
heat production, and triiodothyronine concentrations in broiler chicks. 
Gen Comp Endocrinol. 2003;130(1):70–7.

 102. Aygün A, Narinç D. The effects of thermal manipulations during embry-
ogenesis of broiler chicks on growth of embryo and skeletal traits. AIP 
Conf Proc. 2016;1726(1):020015. https:// doi. org/ 10. 1063/1. 49458 41.

 103. Morita VS, Almeida AR, Matos Junior JB, Vicentini TI, Zanirato GL, Boleli 
IC. Neither altered incubation temperature during fetal development 
nor preferred rearing temperature improves leg bone characteristics of 
broilers. J Therm Biol. 2020;93:102726. https:// doi. org/ 10. 1016/j. jther bio. 
2020. 102726.

 104. Howlett CR. The fine structure of the proximal growth plate and 
metaphysis of the avian tibia: endochondral osteogenesis. J Anat. 
1980;130(Pt 4):745–68.

 105. Halevy O, Yahav S, Rozenboim I. Enhancement of meat production by 
environmental manipulations in embryo and young broilers. Worlds 
Poult Sci J. 2006;62:485–97.

 106. Hawke TJ, Garry DJ. Myogenic satellite cells: physiology to molecular 
biology. J Appl Physiol (1985). 2001;91(2):534–51.

 107. Hartley R, Andziporayablonka-Reuveni J. Skeletal muscle satel-
lite cells appear during late chicken embryogenesis. Dev Biol. 
1992;153(2):206–16.

 108. Piestun Y, Patael T, Yahav S, Velleman SG, Halevy O. Early posthatch ther-
mal stress affects breast muscle development and satellite cell growth 
and characteristics in broilers. Poult Sci. 2017;96:2877–88.

 109. Hadad Y, Cahaner A, Halevy O. Featherless and feathered broilers 
under control versus hot conditions. 2. Breast muscle development 
and growth in pre- and posthatch periods. Poult Sci. 2014;93(5):1076–
88. https:// doi. org/ 10. 3382/ ps. 2013- 03592.

 110. Brannan KE, Livingston ML, Wall B, Livingston KA, Jansen van Rensburg 
C. Embryonic thermal manipulation and dietary fat source during acute 
heat stress: 2. Effect on broiler carcass characteristics and breast muscle 
myopathies. J Appl Poult Res. 2021;30(3):100174. https:// doi. org/ 10. 
1016/j. japr. 2021. 100174.

 111. Piestun Y, Yahav S, Halevy O. Thermal manipulation during embryo-
genesis affects myoblast proliferation and skeletal muscle growth in 
meat-type chickens. Poult Sci. 2015;94:2528–36.

 112. Al-Musawi SL, Stickland NC, Bayol SAM. In ovo temperature manipula-
tion differentially influences limb musculoskeletal development in two 
lines of chick embryos selected for divergent growth rates. J Exp Biol. 
2012;215:1594–604.

 113. Wang Y, Yan X, Liu H, Hu S, Hu J, Li L, et al. Effect of thermal manipula-
tion during embryogenesis on the promoter methylation and expres-
sion of myogenesis-related genes in duck skeletal muscle. J Therm Biol. 
2019;80:75–81.

 114. Al-Zghoul MB, El-Bahr SM. Thermal manipulation of the broilers 
embryos: Expression of muscle markers genes and weights of body 
and internal organs during embryonic and post-hatch days. BMC Vet 
Res. 2019;15:166. https:// doi. org/ 10. 1186/ s12917- 019- 1917-6.

 115. Berryman DE, Glad CAM, List EO, Johannsson G. The GH/IGF-1 axis in 
obesity: pathophysiology and therapeutic considerations. Nat Rev 
Endocrinol. 2013. https:// doi. org/ 10. 1038/ nrendo. 2013. 64.

 116. Maga G, Hübscher U. Proliferating cell nuclear antigen (PCNA): A dancer 
with many partners. J Cell Sci. 2003;116(15):3051–60. https:// doi. org/ 10. 
1242/ jcs. 00653.

 117. Florkowska A, Meszka I, Zawada M, Legutko D, Legutko D, Proszynski TJ, 
et al. Pax7 as molecular switch regulating early and advanced stages of 
myogenic mouse ESC differentiation in teratomas. Stem Cell Res Ther. 
2020;11. https:// doi. org/ 10. 1186/ s13287- 020- 01742-3

 118. Dalab AS, Ali AM. Morphological investigations of the effect of thermal 
manipulation during embryogenesis on body performance and struc-
ture of pectoral and thigh muscle of ross broiler chicken. Rev Bras Cienc 
Avic. 2019. https:// doi. org/ 10. 1590/ 1806- 9061- 2019- 1100.

 119. Lin YM, Druyan S, Yahav S, Brake J. Thermal treatments prior to and 
during the beginning of incubation affects development of the broiler 
embryo and yolk sac membranes, and live performance and carcass 
characteristics. Poult Sci. 2017;96:1939–47.

 120. Cassar-Malek I, Langlois N, Picard B, Geay Y. Regulation of bovine satel-
lite cell proliferation and differentiation by insulin and triiodothyronine. 
Domest Anim Endocrinol. 1999;17(4):373–88.

 121. Liu H, Liu J, Yan X, Li Q, Zhao Y, Wang Y, et al. Impact of thermal stress 
during incubation on gene expression in embryonic muscle of peking 
ducks (Anasplatyrhynchos domestica). J Therm Biol. 2015;53:80–9.

 122. Li X, Qiu J, Liu H, Wang Y, Hu J, Gan X, et al. Long-term thermal 
manipulation in the late incubation period can inhibit breast muscle 
development by activating endoplasmic reticulum stress in duck (Anas-
platyrhynchos domestica). J Therm Biol. 2017;70:37–45.

 123. Boudjadi S, Chatterjee B, Sun W, Vemu P, Barr FG. The expression and 
function of PAX3 in development and disease. Gene. 2018;666:145–57. 
https:// doi. org/ 10. 1016/j. gene. 2018. 04. 087.

 124. Craigie CR, Navajas EA, Purchas RW, Maltin CA, Bünger L, Hoskin SO, 
et al. A review of the development and use of video image analysis 
(VIA) for beef carcass evaluation as an alternative to the current EUROP 
system and other subjective systems. Meat Sci. 2012. https:// doi. org/ 10. 
1016/j. meats ci. 2012. 05. 028.

 125. El-Shater SN, Khalil KM, Rizk H, Zaki HMBA, Abdelrahman HA, Abozeid 
HH, et al. Effects of thermal manipulation of japanese quail embryo on 
post-hatch carcass traits, weight of internal organs, and breast meat 
quality. Slov Vet Res. 2023;60:67–73.

 126. Wapi C, Nkukwana TT, Hoffman LC, Dzama K, Pieterse E, Mabusela T, 
et al. Physico-chemical shelf-life indicators of meat from broilers given 
moringa oleifera leaf meal. S Afr J Anim Sci. 2013. https:// doi. org/ 10. 
4314/ sajas. v43i5.8.

 127. Willemsen H, Kamers B, Dahlke F, Han H, Song Z, Pirsaraei ZA, et al. High 
and low-temperature manipulation during late incubation: Effects on 
embryonic development, the hatching process, and metabolism in 
broilers. Poult Sci. 2010;89:2678–90.

 128. Soglia F, Laghi L, Canonico L, Cavani C, Petracci M. Functional property 
issues in broiler breast meat related to emerging muscle abnormalities. 
Food Res Int. 2016;89:1071–6.

 129. Clark DL, Walter KG, Velleman SG. Incubation temperature and time 
of hatch impact broiler muscle growth and morphology. Poult Sci. 
2017;96:4085–95.

 130. Plavnik I, Hurwitz S. Organ weights and body composition in chickens 
as related to the energy and amino acid requirements: effects of strain, 
sex, and age. Poult Sci. 1983;62(1):152–63.

 131. Halevy O, Krispin A, Leshem Y, Mcmurtry JP, Yahav S. Early-age heat 
exposure affects skeletal muscle satellite cell proliferation and 
differentiation in chicks. Am J Physiol Regul Integr Comp Physiol. 
2001;281(1):R302–9.

 132. Rocha ACG, Cristina-Silva C, Taxini CL, da Costa Silva KS, Lima VTM, 
Macari M, et al. Embryonic thermal manipulation affects ventilation, 
metabolism, thermal control and central dopamine in newly hatched 
and juvenile chicks. Front Physiol. 2021;12. https:// doi. org/ 10. 3389/ 
fphys. 2021. 699142

 133. Sgavioli S, Santos ET, Domingues CHF, Quadros TCO, Castiblanco DMC, 
Andrade-Garcia GM, et al. Effect of high incubation temperature on the 
blood parameters of layer chicks. Rev Bras Cienc Avic. 2016;18:41–7.

 134. Günal M. The effects of early-age thermal manipulation and daily 
short-term fasting on performance and body temperatures in broiler 
exposed to heat stress. J Anim Physiol Anim Nutr (Berl). 2013;97:854–60.

 135. Elsayed MA. Effects of thermal manipulation during late incubation 
period on post-hatch thermotolerance in ostrich. Czech J Anim Sci. 
2016;61:421–31.

 136. Leksrisompong N, Romero-Sanchez H, Plumstead PW, Brannan KE, 
Brake J. Broiler incubation. 1. Effect of elevated temperature dur-
ing late incubation on body weight and organs of chicks. Poult Sci. 
2007;86:2685–91.

 137. Lilja C. Changes in organ growth pattern associated with long-
term selection for high growth rate in quail. Growth Dev Aging. 
1991;55(4):219–24.

 138. Sandercock DA, Hunter RR, Nute GR, Mitchell MA, Hocking PM. Acute 
heat stress-induced alterations in blood acid-base status and skeletal 
muscle membrane integrity in broiler chickens at two ages: implica-
tions for meat quality. Poult Sci. 2001;80(4):418–25.

 139. Goo D, Kim JH, Park H, Badillo J, Reyes D, Kil DY. Effect of heat stress 
and stocking density on growth performance, breast meat quality, 
and intestinal barrier function in broiler chickens. Animals (Basel). 
2019;9(3):107.

 140. Yalçin S, Çabuk M, Bruggeman V, Babacanoǧlu E, Buyse J, Decuy-
pere E, et al. Acclimation to heat during incubation. 1. Embryonic 

https://doi.org/10.1063/1.4945841
https://doi.org/10.1016/j.jtherbio.2020.102726
https://doi.org/10.1016/j.jtherbio.2020.102726
https://doi.org/10.3382/ps.2013-03592
https://doi.org/10.1016/j.japr.2021.100174
https://doi.org/10.1016/j.japr.2021.100174
https://doi.org/10.1186/s12917-019-1917-6
https://doi.org/10.1038/nrendo.2013.64
https://doi.org/10.1242/jcs.00653
https://doi.org/10.1242/jcs.00653
https://doi.org/10.1186/s13287-020-01742-3
https://doi.org/10.1590/1806-9061-2019-1100
https://doi.org/10.1016/j.gene.2018.04.087
https://doi.org/10.1016/j.meatsci.2012.05.028
https://doi.org/10.1016/j.meatsci.2012.05.028
https://doi.org/10.4314/sajas.v43i5.8
https://doi.org/10.4314/sajas.v43i5.8
https://doi.org/10.3389/fphys.2021.699142
https://doi.org/10.3389/fphys.2021.699142


Page 28 of 29Al Amaz and Mishra  Journal of Animal Science and Biotechnology           (2024) 15:75 

morphological traits, blood biochemistry, and hatching performance. 
Poult Sci. 2008;87:1219–28.

 141. Yalçin S, Bruggeman V, Buyse J, Decuypere E, Çabuk M, Siegel PB. 
Acclimation to heat during incubation: 4. Blood hormones and 
metabolites in broilers exposed to daily high temperatures. Poult Sci. 
2009;88:2006–13.

 142. Oke OE, Alo ET, Oke FO, Oyebamiji YA, Ijaiya MA, Odefemi MA, et al. 
Early age thermal manipulation on the performance and physiological 
response of broiler chickens under hot humid tropical climate. J Therm 
Biol. 2020;88. https:// doi. org/ 10. 1016/j. jther bio. 2020. 102517

 143. Betteridge DJ. What is oxidative stress? Metabolism. 2000;49(2 Suppl 
1):3–8. https:// doi. org/ 10. 1016/ s0026- 0495(00) 80077-3.

 144. Altan Ö, Pabuçcuoǧlu A, Altan A, Konyalioǧlu S, Bayraktar H. Effect 
of heat stress on oxidative stress, lipid peroxidation and some stress 
parameters in broilers. Br Poult Sci. 2003;44:545–50.

 145. Fellenberg MA, Speisky H. Antioxidants: Their effects on broiler 
oxidative stress and its meat oxidative stability. Worlds Poult Sci J. 
2006;62(1):53–70.

 146. Nita M, Grzybowski A. The role of the reactive oxygen species and oxida-
tive stress in the pathomechanism of the age-related ocular diseases and 
other pathologies of the anterior and posterior eye segments in adults. 
Oxid Med Cell Longev. 2016. https:// doi. org/ 10. 1155/ 2016/ 31647 34.

 147. Saleh KMM, Tarkhan AH, Al-Zghoul MB. Embryonic thermal manipula-
tion affects the antioxidant response to post-hatch thermal exposure in 
broiler chickens. Animals. 2020;10(1):126. https:// doi. org/ 10. 3390/ ani10 
010126.

 148. Guo S, Chen X. The human Nox4: gene, structure, physiological func-
tion and pathological significance. J Drug Target. 2015. https:// doi. org/ 
10. 3109/ 10611 86x. 2015. 10362 76.

 149. Nojima Y, Ito K, Ono H, Nakazato T, Bono H, Yokoyama T, et al. 
Superoxide dismutases, SOD1 and SOD2, play a distinct role in the 
fat body during pupation in silkworm Bombyx mori. PLoS One. 
2015;10(2):e0116007. https:// doi. org/ 10. 1371/ journ al. pone. 01160 07.

 150. Al-Zghoul MB, Sukker H, Ababneh MM. Effect of thermal manipulation 
of broilers embryos on the response to heat-induced oxidative stress. 
Poult Sci. 2019;98:991–1001.

 151. Mujahid A, Akiba Y, Warden CH, Toyomizu M. Sequential changes 
in superoxide production, anion carriers and substrate oxidation in 
skeletal muscle mitochondria of heat-stressed chickens. FEBS Lett. 
2007;581:3461–7.

 152. Rey B, Roussel D, Romestaing C, Belouze M, Rouanet JL, Desplanches D, 
et al. Up-regulation of avian uncoupling protein in cold-acclimated and 
hyperthyroid ducklings prevents reactive oxygen species production 
by skeletal muscle mitochondria. BMC Physiol. 2010;10:5. https:// doi. 
org/ 10. 1186/ 1472- 6793- 10-5.

 153. Ricquier D. The uncoupling protein homologues: UCP1, UCP2, UCP3. 
StUCP and AtUCP Biochem J. 2000;345 Pt 2(Pt 2):161–79.

 154. Yalçin S, Baǧdatlioǧlu N, Yenisey C, Siegel PB, Özkan S, Akşit M. Effect 
of manipulation of incubation temperature on fatty acid profiles and 
antioxidant enzyme activities in meat-type chicken embryos. Poult Sci. 
2012;91:3260–70.

 155. Loyau T, Collin A, Yenisey Ç, Crochet S, Siegel PB, Akşit M, et al. Exposure 
of embryos to cyclically cold incubation temperatures durably affects 
energy metabolism and antioxidant pathways in broiler chickens. Poult 
Sci. 2014;93:2078–86.

 156. Baéza E, Arnould C, Jlali M, Chartrin P, Gigaud V, Mercerand F, et al. Influ-
ence of increasing slaughter age of chickens on meat quality, welfare, 
and technical and economic results. J Anim Sci. 2012;90:2003–13.

 157. McDowell RE, Hooven NW, Camoens JK. Effect of climate on perfor-
mance of holsteins in first lactation. J Dairy Sci. 1976;59:965–71.

 158. Daghir NJ, editor. Poultry production in hot climates. 2nd ed. Trow-
bridge: Cromwell Press; 2028.

 159. Decuypere E, Bruggeman V. The endocrine interface of environmental 
and egg factors affecting chick quality. Poult Sci. 2007;86(5):1037–42.

 160. Al-Zghoul MB, Saleh KM, Ababneh MMK. Effects of pre-hatch thermal 
manipulation and post-hatch acute heat stress on the mRNA expres-
sion of interleukin-6 and genes involved in its induction pathways in 2 
broiler chicken breeds. Poult Sci. 2019;98:1805–19.

 161. Liu T, Zhang L, Joo D, Sun SC. NF-κB signaling in inflammation. Signal 
Transduct Target Ther. 2017;2:17023.

 162. Al-Zghoul MB, El-Bahr SM. Basal and dynamics mRNA expression of 
muscular HSP108, HSP90, HSF-1 and HSF-2 in thermally manipulated 
broilers during embryogenesis. BMC Vet Res. 2019;15(1):83.

 163. Vinoth A, Thirunalasundari T, Shanmugam M, Uthrakumar A, Suji S, Raj-
kumar U. Evaluation of DNA methylation and mRNA expression of heat 
shock proteins in thermal manipulated chicken. Cell Stress Chaperones. 
2018;23:235–52.

 164. Basaki M, Sahraiy N, Keykavusi K, Akbari G, Shahbazfar AA, Kianifard 
D. Differential expression of small heat shock proteins in the brain 
of broiler embryo; the effects of embryonic thermal manipulation. J 
Therm Biol. 2020;93:102719. https:// doi. org/ 10. 1016/j. jther bio. 2020. 
102719.

 165. Hwang YS, Ko MH, Kim YM, Park YH, Ono T, Han JY. The avian-specific 
small heat shock protein HSP25 is a constitutive protector against envi-
ronmental stresses during blastoderm dormancy. Sci Rep. 2016;6:36704. 
https:// doi. org/ 10. 1038/ srep3 6704.

 166. Murugesan S, Ullengala R, Amirthalingam V. Heat shock protein 
and thermal stress in chicken. 2017. https:// doi. org/ 10. 1007/ 
978-3- 319- 73377-7_6.

 167. Shanmugasundaram R, Wick M, Lilburn MS. Effect of embryonic thermal 
manipulation on heat shock protein 70 expression and immune system 
development in Pekin duck embryos. Poult Sci. 2018;97:4200–10.

 168. Vitorino Carvalho A, Hennequet-Antier C, Brionne A, Crochet S, 
Jimenez J, Couroussé N, et al. Embryonic thermal manipulation 
impacts the postnatal transcriptome response of heat-challenged 
Japanese quails. BMC Genomics. 2021;22:488. https:// doi. org/ 10. 1186/ 
s12864- 021- 07832-7.

 169. Buzała M, Janicki B, Czarnecki R. Consequences of different growth rates 
in broiler breeder and layer hens on embryogenesis, metabolism and 
metabolic rate: a review. Poult Sci. 2014;94:728–33.

 170. Tona K, Onagbesan O, Bruggeman V, Collin A, Berri CM, et al. Effects of 
heat conditioning at d 16 to 18 of incubation or during early broiler 
rearing on embryo physiology, posthatch growth performance and 
heat tolerance. Eur Poultry Sci. 2008;72:75–83.

 171. Guo-Wei Lu. Hypoxic preconditioning: a novel intrinsic cytoprotective 
strategy. Mol Neurobiol. 2005;31(1–3):255–71.

 172. Loyau T, Métayer-Coustard S, Berri C, Crochet S, Cailleau-Audouin E, 
Sannier M, et al. Thermal manipulation during embryogenesis has long-
term effects on muscle and liver metabolism in fast-growing chickens. 
PLoS One. 2014;9(9):e105339. https:// doi. org/ 10. 1371/ journ al. pone. 
01053 39.

 173. Boussaid-Om Ezzine S, Everaert N, Métayer-Coustard S, Rideau N, Berri 
C, Joubert R, et al. Effects of heat exposure on Akt/S6K1 signaling and 
expression of genes related to protein and energy metabolism in 
chicken (Gallus gallus) pectoralis major muscle. Comp Biochem Physiol 
B Biochem Mol Biol. 2010;157:281–7. https:// doi. org/ 10. 1016/j. cbpb. 
2010. 07. 001.

 174. Molenaar R, van den Borne JJGC, Hazejager E, Kristensen NB, Heetkamp 
MJW, Meijerhof R, et al. High environmental temperature increases 
glucose requirement in the developing chicken embryo. PLoS One. 
2013;8(4):e59637. https:// doi. org/ 10. 1371/ journ al. pone. 00596 37.

 175. Shinder D, Rusal M, Giloh M, Yahav S. Effect of repetitive acute cold 
exposures during the last phase of broiler embryogenesis on cold 
resistance through the life span. Poult Sci. 2009;88:636–46.

 176. Shinder D, Ruzal M, Giloh M, Druyan S, Piestun Y, Yahav S. Improvement 
of cold resistance and performance of broilers by acute cold exposure 
during late embryogenesis. Poult Sci. 2011;90:633–41.

 177. Hanafi SA, Zulkifli I, Ramiah SK, Chung ELT, Awad EA, Sazili AQ. Prenatal 
thermal stress affects acute-phase proteins, heat shock protein 70, and 
circulating corticosterone in developing broiler embryos and neonates. 
J Therm Biol. 2022;109:103328. https:// doi. org/ 10. 1016/j. jther bio. 2022. 
103328.

 178. Willemsen H, Li Y, Willems E, Franssens L, Wang Y, Decuypere E, et al. 
Intermittent thermal manipulations of broiler embryos during late 
incubation and their immediate effect on the embryonic development 
and hatching process. Poult Sci. 2011;90:1302–12.

 179. Yalçin S, Özkan S, Siegel P, Yenisey Ç, Akşit M. Manipulation of incuba-
tion temperatures to increase cold resistance of broilers: Influence on 
embryo development, organ weights, hormones and body composi-
tion. J Poultry Sci. 2012;49:133–9.

https://doi.org/10.1016/j.jtherbio.2020.102517
https://doi.org/10.1016/s0026-0495(00)80077-3
https://doi.org/10.1155/2016/3164734
https://doi.org/10.3390/ani10010126
https://doi.org/10.3390/ani10010126
https://doi.org/10.3109/1061186x.2015.1036276
https://doi.org/10.3109/1061186x.2015.1036276
https://doi.org/10.1371/journal.pone.0116007
https://doi.org/10.1186/1472-6793-10-5
https://doi.org/10.1186/1472-6793-10-5
https://doi.org/10.1016/j.jtherbio.2020.102719
https://doi.org/10.1016/j.jtherbio.2020.102719
https://doi.org/10.1038/srep36704
https://doi.org/10.1007/978-3-319-73377-7_6
https://doi.org/10.1007/978-3-319-73377-7_6
https://doi.org/10.1186/s12864-021-07832-7
https://doi.org/10.1186/s12864-021-07832-7
https://doi.org/10.1371/journal.pone.0105339
https://doi.org/10.1371/journal.pone.0105339
https://doi.org/10.1016/j.cbpb.2010.07.001
https://doi.org/10.1016/j.cbpb.2010.07.001
https://doi.org/10.1371/journal.pone.0059637
https://doi.org/10.1016/j.jtherbio.2022.103328
https://doi.org/10.1016/j.jtherbio.2022.103328


Page 29 of 29Al Amaz and Mishra  Journal of Animal Science and Biotechnology           (2024) 15:75  

 180. Halle I, Tzschentke B. Influence of temperature manipulation during 
the last 4 days of incubation on hatching results, post-hatching 
performance and adaptability to warm growing conditions in broiler 
chickens. J Poultry Sci. 2011. https:// doi. org/ 10. 2141/ jpsa. 010056.

 181. Fernandes JIM, Santos TC, Kaneko IN, Horn D, Leyter JR, Pasa CLB. Effect 
of thermal embryonic manipulation on the quality of male and female 
broiler meat submitted to thermal stress pre-slaughter. Rev Bras Cienc 
Avic. 2016;18:343–50.

 182. Molnar AK, Korösi L, Balázs B, Gáspárdy A. Effects of heat stress on the 
immune responses of chickens subjected to thermal manipulation in 
the pre-hatch period. Acta Vet Hung. 2021;69:67–72.

 183. Al Amaz S, Chaudhary A, Mahato PL, Jha R, Mishra B. Pre-hatch thermal 
manipulation of embryos and post-hatch baicalein supplementa-
tion mitigated heat stress in broiler chickens. J Anim Sci Biotechnol. 
2024;15:8. https:// doi. org/ 10. 1186/ s40104- 023- 00966-6.

 184. Meteyake HT, Collin A, Bilalissi A, Dassidi N, Assion MEP, Tona K. Naked 
neck gene and intermittent thermal manipulations during embryo-
genesis improve posthatch performance and thermotolerance in slow-
growing chickens under tropical climates. Poult Sci. 2023;102. https:// 
doi. org/ 10. 1016/j. psj. 2023. 102912.

 185. Verlinden SMD, Norton T, Larsen MLV, Schroyen M, Youssef A, Ever-
aert N. Influence of temperature during incubation on the mRNA 
levels of temperature sensitive ion channels in the brain of broiler 
chicken embryos. Comp Biochem Physiol A Mol Integr Physiol. 
2022;268:111199. https:// doi. org/ 10. 1016/j. cbpa. 2022. 111199.

 186. Mohammad S, Sardary A. Effect of thermal manipulation during 
embryogenesis on thermotolerance and hatched broiler performance. 
J Food Nutr Sci. 2016. http:// iaras. org/ iaras/ journ als/ fnsij

 187. De Barros Moreira Filho AL, De Oliveira CJ, De Oliveira HB, Campos 
DB, Guerra RR, Costa FG, Givisiez PE. High incubation temperature 
and threonine dietary level improve ileum response against post-
hatch salmonella enteritidis inoculation in broiler chicks. PLoS One. 
2015;10(7):e0131474.

 188. Al-Zghoul MB, Al-Natour MQ, Dalab AS, Alturki OI, Althnaian T, Al-
ramadan SY, et al. Thermal manipulation mid-term broiler chicken 
embryogenesis: Effect on muscle growth factors and muscle marker 
genes. Rev Bras Cienc Avic. 2016;18:607–18.

 189. Al-Zghoul MB, Alliftawi ARS, Saleh KMM, Jaradat ZW. Expression of diges-
tive enzyme and intestinal transporter genes during chronic heat stress 
in the thermally manipulated broiler chicken. Poult Sci. 2019;98:4113–22.

 190. Dalab AS, Ali AM, Althnaian TA, Alkhodair KM, Al-Ramadan SY. Molecular 
and ultrastructural investigations of the effect of thermal manipulation 
during embryogenesis on pectoral and thigh muscle growth factors in 
broilers. J Appl Poult Res. 2022;31. https:// doi. org/ 10. 1016/j. japr. 2021. 
100188

 191. Dalab AS, Ali AM, Althnaian TA, Alkhodair KM, Al-Ramadan SY. Molecular 
investigations of the effect of thermal manipulation during embryo-
genesis on the enzymatic activity of creatine kinase and lactate dehy-
drogenase in broiler muscle. Rev Bras Cienc Avic. 2022;24. https:// doi. 
org/ 10. 1590/ 1806- 9061- 2020- 1369

 192. Al-Zghoul MB, Jaradat ZW, Ababneh MM, Okour MZ, Saleh KMM, Alko-
fahi A, et al. Effects of embryonic thermal manipulation on the immune 
response to post-hatch Escherichia coli challenge in broiler chicken. Vet 
World. 2023. https:// doi. org/ 10. 14202/ vetwo rld. 2023. 918- 928.

 193. Cong W, Han W, Liu J, Zhao R, Wu L. Embryonic thermal manipulation 
leads growth inhibition and reduced hepatic insulin-like growth factor1 
expression due to promoter DNA hypermethylation in broilers. Poult 
Sci. 2023;102(4):102562. https:// doi. org/ 10. 1016/j. psj. 2023. 102562.

 194. Sgavioli S, Vicentini TI, Domingues CHF, Santos ET, de Quadros TCO, 
Garcia RG, et al. Effect of in ovo ascorbic acid injection and thermal 
manipulation during incubation on intestine morphology of broilers 
reared under cold and heat stress. Rev Bras Cienc Avic. 2022. https:// doi. 
org/ 10. 1590/ 1806- 9061- 2022- 1635.

 195. Andrieux C, Biasutti S, Barrieu J, Morganx P, Morisson M, Coustham V, 
et al. Identification of different critical embryonic periods to modify 
egg incubation temperature in mule ducks. Animal. 2022;16(1):100416. 
https:// doi. org/ 10. 1016/j. animal. 2021. 100416.

 196. Rajkumar U, Vinoth A, Shanmugam M, Rajaravindra KS, Rama Rao SV. 
Effect of embryonic thermal exposure on heat shock proteins (HSPs) 
gene expression and serum t3 concentration in two broiler popula-
tions. Anim Biotechnol. 2015;26:260–7.

 197. Piestun Y, Halevy O, Shinder D, Ruzal M, Druyan S, Yahav S. Thermal 
manipulations during broiler embryogenesis improves post-hatch 
performance under hot conditions. J Therm Biol. 2011;36:469–74.

 198. Brannan KE, Helfrich KK, Flentke GR, Smith SM, Livingston KA, Jansen 
van Rensburg C. Influence of incubation, diet, and sex on avian uncou-
pling protein expression and oxidative stress in market age broilers 
following exposure to acute heat stress. Poult Sci. 2022;101(5):101748. 
https:// doi. org/ 10. 1016/j. psj. 2022. 101748.

 199. Narinç D, Erdoǧan S, Tahtabiçen E, Aksoy T. Effects of thermal manipula-
tions during embryogenesis of broiler chickens on developmental 
stability, hatchability and chick quality. Animal. 2016;10:1328–35.

 200. Vinoth A, Thirunalasundari T, Shanmugam M, Uthrakumar A, Suji S, Raj-
kumar U. Evaluation of DNA methylation and mRNA expression of heat 
shock proteins in thermal manipulated chicken. Cell Stress Chaperones. 
2018;23(2):235–52.

 201. Kamanli S, Durmuş I, Yalçin S, Yildirim U, Meral. Effect of prenatal 
temperature conditioning of laying hen embryos: Hatching, live per-
formance and response to heat and cold stress during laying period. J 
Therm Biol. 2015;51:96–104.

 202. Farghly M, Mahrose K, Abougabal M, Taboosha M, Ali R. Early heat 
acclimation during incubation improves Japanese quail performance 
under summer conditions. Vet Res Commun. 2021. https:// doi. org/ 10. 
1007/ s11259- 021- 09832-0.

https://doi.org/10.2141/jpsa.010056
https://doi.org/10.1186/s40104-023-00966-6
https://doi.org/10.1016/j.psj.2023.102912
https://doi.org/10.1016/j.psj.2023.102912
https://doi.org/10.1016/j.cbpa.2022.111199
http://iaras.org/iaras/journals/fnsij
https://doi.org/10.1016/j.japr.2021.100188
https://doi.org/10.1016/j.japr.2021.100188
https://doi.org/10.1590/1806-9061-2020-1369
https://doi.org/10.1590/1806-9061-2020-1369
https://doi.org/10.14202/vetworld.2023.918-928
https://doi.org/10.1016/j.psj.2023.102562
https://doi.org/10.1590/1806-9061-2022-1635
https://doi.org/10.1590/1806-9061-2022-1635
https://doi.org/10.1016/j.animal.2021.100416
https://doi.org/10.1016/j.psj.2022.101748
https://doi.org/10.1007/s11259-021-09832-0
https://doi.org/10.1007/s11259-021-09832-0

	Embryonic thermal manipulation: a potential strategy to mitigate heat stress in broiler chickens for sustainable poultry production
	Abstract 
	Introduction
	Thermoregulation in poultry
	Heat stress response in poultry
	Mechanism of TM
	Application of TM
	Effect of TM on poultry health and production
	Effects of TM on hatchability
	Effects of TM on sex ratio
	Effects of TM on behaviour and welfare
	Effects of TM on growth performance
	Effects of TM on muscle growth and development
	Effects of TM on carcass quality
	Effects of TM on organ weight
	Effects of TM on blood biochemistry
	Effects of TM on oxidative damage
	Effects of TM on transcriptomics
	Effects of TM on metabolism

	Challenges of TM in poultry
	The potential of TM in poultry
	Conclusion
	References


