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Chapter 6
Heat Shock Protein and Thermal Stress 
in Chicken

Shanmugam Murugesan, Rajkumar Ullengala, and Vinoth Amirthalingam

Abstract  Chicken has been selected for higher production performance over the 
years and are highly sensitive to changes in their environment. The average global 
temperature has increased over the century and is further expected to rise. In open 
house rearing system chicken is vulnerable to this increasing environmental tem-
perature and may experience thermal stress. Heat shock proteins (HSP) are highly 
conserved family of proteins playing important role in normal cellular physiology 
and cytoprotection against different stressors including heat stress. In chicken levels 
of different members of HSP family are increased in almost all the tissues in 
response to heat stress. This increased HSP level protects cellular proteins from heat 
stress induced damage. Efforts to overcome the heat stress conditions in chicken 
have lead to development of thermal manipulation protocols whereby epigenetic 
modifications are introduced. Through epigenetic adaptation the birds acquire pro-
tection against the adverse effects of heat stress. This chapter discusses the findings 
on cellular HSP responses to heat stress and the thermal manipulation strategy to 
overcome heat stress in chicken.
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6.1  �Introduction

The global mean surface temperature has increased by 0.85  °C over the period 
(1880–2012) and by the end of this century it is further expected to increase 0.3 to 
4.8 °C under different scenarios (IPCC 2014). The optimum temperature range for 
production for broiler and layer chicken is 18 to 22 °C (Charles 2002; Aengwanich 
and Simaraks 2004) with slight variations on either side due to differences in age, 
sex and line/strain. In the tropics and sub tropics chicken are generally reared in 
open-sided houses. This makes chicken more vulnerable to high environmental 
temperature during summer and is likely to experience heat stress. This is a chal-
lenging situation for the commercial poultry industry in terms of sustaining produc-
tion and animal welfare.

Chicken are homeothermic and the body temperature is maintained in the range 
of 41 to 42 °C. Chicken are more sensitive to high ambient temperatures due to lack 
of sweat glands and high body temperature. Furthermore, the fast growing commer-
cial broilers and layers producing high number of eggs generate metabolic heat that 
adds to the already stressful situation during summer. Birds selected for fast growth 
exhibit a reduced thermoregulatory capacity in comparison to layers and are there-
fore more susceptible to heat stress and related problems (Mitchell et  al. 2005). 
During heat stress evaporative cooling is an important mechanism for body tem-
perature control. In birds evaporative cooling involves evaporative mechanisms 
involving skin and respiratory system. The gradient between body surface and air 
moisture determines the rate of evaporative cooling. When high environmental tem-
perature combined with high relative humidity prevails the evaporative cooling 
mechanism is impeded. Thus the combined effects of high ambient temperature 
with high humidity results in hyperthermia leading to decreased food consumption, 
growth rate, feed efficiency, total egg production, egg quality and survivability 
(Mashaly et al. 2004; Rajkumar et al. 2011; Xie et al. 2014). The performance of 
birds gets affected when the ambient temperature increases and approaches the 
upper critical temperature and above this point the body temperature increases until 
it reaches the lethal stage. Under heat stress conditions birds try to adapt themselves 
by increasing peripheral blood flow that helps in dissipating excess body heat, 
decreases feed intake so as to reduce heat increment and increases panting to facili-
tate evaporative cooling (Daghir 2008). A variety of cellular structures and meta-
bolic processes are damaged by heat stress and the extent of damage is based on 
magnitude and duration of heat exposure.

All organisms respond to heat stress by inducing a set of proteins called as Heat 
Shock Proteins (HSP). The HSP are synthesized in cells in response to different 
types of stressors. Ferruccio Ritossa (1962) reported chromosomal puffing pattern 
and higher transcriptional activity in Drosophila salivary glands after exposure to 
heat. Later the transcriptional activity was discovered to be synthesis of heat induced 
polypeptides and named as heat shock proteins (Ashburner and Bonner 1979). HSP 
are highly conserved proteins consisting of several families found in all living 
organisms (Lindquist and Craig 1988). The HSP act as molecular chaperons that 
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help in protein folding and assembly, assist in restoring the native state of protein, 
regulate degradation of protein and in translocation across membranes (Hartl and 
Hayer-Hartl 2002). HSP synthesis up-regulation under different stress conditions is 
an adaptive phenomenon resulting in improved tolerance. There exists a relation-
ship between thermo tolerance and HSP synthesis in organisms (Parsell and 
Lindquist 1994).

6.2  �Heat Stress

Lee (1965) has defined stress as “the magnitude of forces external to the bodily 
system which tend to displace that system from its resting or ground state”. Stress 
may be caused by many factors including climate in which birds are reared. The 
ambient temperature range within which birds do not use additional energy to main-
tain the body temperature is known as thermoneutral zone. Weather conditions 
above this thermoneutral zone for prolonged time results in heat stress. Heat stress 
is a result of interaction between ambient temperature and relative humidity and in 
birds this interaction effect is complex (Yahav et al. 1995). In birds, excess body 
heat is dissipated through conduction, convection, radiation and water evaporation 
through respiratory tract. The physiological events that occur during the period of 
heat stress are described in Fig. 6.1. Among different heat loss mechanisms blood 

Fig. 6.1  Physiological response to heat stress
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flow redistribution and passive water loss from respiratory system are important. 
Water loss during prolonged heat stress condition results in dehydration and 
decreased blood volume. This decreased blood volume alters the venous return and 
blood circulation to upper respiratory tract culminating in hyperthermia and finally 
death. The physiological changes due to heat stress are accompanied by damaging 
changes at cellular level. There is significant increase in induction of different mem-
bers of heat shock protein family during heat stress. The different events occurring 
at cellular level during heat stress are:

•	 Increase in membrane liquidity
•	 Destabilization of membrane components
•	 Cytoskeleton modification
•	 Mitochondrial swelling
•	 Endoplasmic reticulum and golgi apparatus fragmentation
•	 Nucleolus disintegration
•	 Formation of electron dense granules – stress bodies – in nucleus
•	 Decrease in cell viability and cell death (depending on heat stress intensity, type 

of cells and stage of cell cycle)(Velichko et al. 2013)

Birds respond differently to acute and chronic heat stress. Plasma metabolites are 
primarily disturbed in acute heat stress and tissue damage occurs in chronic heat 
stress (Xie et al. 2015). Acute heat stress results in increase in body temperature and 
increase in respiration rate to 235 breaths/min from 21.7 breaths/min observed dur-
ing thermoneutral conditions (Mitchell and Siegel 1973). The capillary blood flow 
to exterior of body increases whereas to the internal organs it decreases (Wolfenson 
et al. 1981). Though heat stress affects the production in both layers and broilers the 
effect is more pronounced in commercial broilers and broiler breeders because of 
their heavy body. The huge muscle mass of broilers posses challenge in excess heat 
dissipation during heat stress conditions resulting in higher core body temperature 
and fatality. The magnitude of heat tolerance is genetically variable and related to 
the growth potential of the bird (Settar et al. 1999).

6.2.1  �Heat Shock Proteins

Heat shock proteins are expressed in cells constitutively or induced by different 
stimuli such as heat, chemical etc. HSP are classified into six families based on 
molecular weights namely HSP100, HSP90, HSP70, HSP40, small HSP and chap-
eronins (De Maio and Vazquez 2013). Apart from the molecular chaperone activity 
small HSP are also implicated in other cellular functions such as stress tolerance, 
protein folding, cytoskeletal integrity and cell cycle (Bakthisaran et al. 2015). HSP 
are also found in the extracellular environment, secreted actively or passively, where 
they may act as stress signals and stimulates immune cells (De Maio and Vazquez 
2013). HSP90 is the most abundant soluble protein comprising 1–2% of total cell 
proteins and under stress conditions it is upregulated (Csermely et al. 1998). The 
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cytoplasmic HSP90 is found in two forms namely inducible HSP90α and constitu-
tive HSP90β. In mammalian cells HSP27 expression has been shown to be corre-
lated with thermotolerance (Landry et al. 1989).

6.2.2  �Heat Stress and HSP

Natural incubation conditions may not be uniform as hens regularly move in search 
of food and there may be non-uniform nest insulation. Heat stress may affect the 
developing embryos and induct HSP during natural incubation. Reports indicate 
HSP induction in chick embryos after exposure to high incubation temperature for 
various durations. Chicken embryo fibroblasts exposed to 45 °C was observed to 
increase the synthesis of three proteins (MW 22,000, 76,000 and 95,000 daltons), 
the level was exceeding the synthesis of cell structural proteins. The level of these 
proteins returned back to normal after 8  h (Kelley and Schlesinger 1978). High 
temperature increasing some HSP expression in chicken embryonic cells was 
reported by Edington and Hightower (1990). Exposing chicken embryonic cells to 
44  °C for 30  minutes caused two to three fold increases in HSP23, HSP71 and 
HSP88 proteins expression. Similarly, exposing developing chick embryos to higher 
incubation temperature than normal increased different HSP gene and protein 
expressions (Gabriel et al. 2002; Vinoth et al. 2015).

The testes in birds are located inside the body with an internal temperature range 
of 40–41.7  °C and spermatogenesis is efficient even at this temperature. This is 
because of HSPA2 gene in bird testes that provides an adaptive advantage over the 
mammals (Padhi et  al. 2016). However, the internal location of testes also pre-
disposes it to heat stress induced hyperthermia that affects spermatogenic process. 
The impact of high ambient temperature on semen quality and fertility is severe in 
broiler males having best semen quality index (Karaca et al. 2002). Acute heat stress 
(38 °C and 55% RH for 4 h) in Taiwanese roosters caused upregulation of genes 
belonging to HSP family (HSP70, HSP90AA1, HSPB8, HSPA5, HSPA8, HSPB1, 
HSPA4) in the testes (Wang et al. 2013). However, in a subsequent report it was 
shown that acute heat stressed rooster testes had decreased expression of HSP90α 
and HSP25 proteins that are involved in protein folding (Wang et al. 2014). Besides 
the action of preventing aggregation of misfolded proteins and protein repair HSP70 
has important role in spermatogenesis. The molecular chaperone HSPA2 is a mem-
ber of the HSP70 family. It has also been shown to play important role in spermato-
genesis and male fertility. In response to heat stress HSP25, HSPD1, HSPA5 and 
HSPA2 gene expression in chicken testes is upregulated (Wang et al. 2015). The 
genes HSPD1 and HSPA5 are involved in apoptotic process. Thus higher expression 
of these two genes indicates occurrence of apoptosis in testicular cells. There is dif-
ference in gene expression of the HSPD1 in testis of heat stressed broiler and layer 
type chicken (Wang et al. 2015). Chicken testes subjected to heat shock (46 °C for 
2 h) had increased expression and polyadenylation of HSP70 and was suggested 
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that this might contribute to development of thermotolerance (Mezquita et al. 1998). 
HSP70 is expressed constitutively in chicken testes and the expression increased 
when subjected to heat shock at 44 °C or 46 °C (Mezquita et al. 2001). Taiwanese 
country chicken subjected to heat stress conditions for six weeks had higher sperm 
HSP70 concentration, however, semen samples kept at 41 °C had decreased or no 
change in HSP70 concentration depending on the semen diluent used (Yan 2001). 
The differing result of HSP70 in this experiment may be due to difference between 
in vitro and in vivo conditions. During heat stress the increase in HSP expression is 
an indirect indication of disturbance in testes physiology and consequent heat stress 
related fertility problems.

Exposure of chicken to acute heat stress of 40 °C for duration spanning 1 and 
1.5 h resulted in higher HSP70 gene expression in brain. There was no difference in 
HSP70 gene expression between native chickens but the commercial layer chicken 
had higher expression (Tamzil et al. 2013). The susceptibility of commercial layers 
to acute heat stress might be due to higher production performance. Furthermore, 
HSP70 gene expression during heat stress was influenced by HSP70 genotype of the 
chicken. Chicken having certain HSP70 genotype was found to be heat tolerant and 
acute heat stress had no negative effect on growth performance and egg production 
(Liang et al. 2016).

Heat stress causes variety of changes in broiler gastrointestinal tract such as 
alteration in intestinal microflora, intestinal injury and intestinal barrier integrity 
impairment (Quinteiro-Filho et al. 2010; Song et al. 2014). In the process of heat 
dissipation blood flow is diverted to the periphery of the body and the functions of 
internal organs such as intestine get adversely affected. Furthermore, the suscepti-
bility to heat stress differs with the region of the intestine. Broilers subjected to heat 
stress had upregulated expression of HSP70 and HSP90 mRNA expression in jeju-
num and ileum, however, the response was more pronounced in ileum than in jeju-
num. The HSP mRNA expression was unaltered in duodenum and colon (Varasteh 
et al. 2015). At the protein level only HSP70 and not HSP90 was increased in jeju-
num and ileum.

Hypothalamus is crucial for detection and regulation of body temperature. 
Taiwan broiler type country chicken subjected to acute heat stress (38 °C for 2 h) 
had upregulated HSPB1 and HSP25 through the recovery period indicating their 
essential role in the hypothalamus (Tu et al. 2016). HSP70 gene expression increased 
but expression of HSP90α and HSP90β were unaltered in brain of heat stressed 
chicken (Mahmoud et al. 2004; Zhen et al. 2006; Zhang et al. 2014). Furthermore, 
this induced expression of HSP70 mRNA in brain differed with the HSP70 geno-
type of the chicken (Zhen et al. 2006). HSP70 protein expression increases in brain 
and liver of heat stressed but not in heat acclimated broilers (Guerreiro et al. 2004).

Liver is highly metabolically active organ and therefore, comparatively is more 
susceptible to heat stress than other organs. Acute heat stress increased HSP90α, 
HSP90β, HSP70 and HSP60 expressions in broiler liver and HSP60 expression 
gradually decreased at 3 h of exposure (Gabriel et al. 1996; Mahmoud et al. 2004; 
Zhen et al. 2006; Yu and Bao 2008; Yu and Bao 2009; Yan et al. 2009; Zhang et al. 
2014). Broilers subjected to chronic heat stress for 3 or 6 weeks had higher rectal 
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temperature and up-regulated liver HSP70 mRNA expression (Givisiez et al. 1999; 
Zuo et al. 2015). RNA-seq technology was applied to study the liver transcriptome 
response to acute and chronic heat stress and found that broilers differentially 
expressed more genes than heat resistant Fayoumi line (Lan et  al. 2016). Gene 
expression response to acute heat stress was stronger compared to chronic heat 
stress in broilers. Furthermore, this response differed between the chicken lines 
studied. Network analysis of differentially expressed genes indicated HSP having 
numerous connections with immune related genes. Furthermore, the secreted HSP 
tend to attract immune cells (Shevtsov and Multhoff 2016). In another study using 
RNA seq method, chicken hepatocarcinoma cell line maintained at 43 °C for 2.5 h 
had several HSP upregulated with HSP25 having the highest expression (Sun et al. 
2015). Liver of laying broiler breeder had increased HSP70 expression during acute 
heat stress and HSP90 expression during chronic heat stress (Xie et al. 2014).

HSP70 and HSP90 gene expression in muscle were higher during acute heat 
stress but not in chronic heat stress (Zhen et al. 2006; Xie et al. 2014; Zhang et al. 
2014). Similarly acute heat stress caused increase in HSP90 and HSP70 protein and 
mRNA expression in kidney of broilers (Yu and Bao 2008; Yu and Bao 2009).

HSP60, HSP70 and HSP90 mRNA expressions were increased in broiler heart 
after 2 h of heat exposure and subsequently expression declined except for HSP90 
which expression again increased at 10  h of heat exposure. However, the corre-
sponding proteins were increased in concentration and remained till 10 h post expo-
sure (Yu and Bao 2008; Yu et al. 2008; Yu and Bao 2009) indicating a prolonged 
adverse effect of heat exposure. One hour exposure of broilers to high environmen-
tal temperature (40/41 °C) caused increase in expressions of HSP90α, HSP90β and 
HSP70 in heart (Mahmoud et al. 2004; Zhang et al. 2014). Apart from heart, HSP90 
and HSP70 proteins were detected in the broiler heart blood vessels by immunolo-
calization (Yu et al. 2008; Yu and Bao 2009). In another study, during chronic heat 
stress HSP70 mRNA expression was upregulated and during acute heat stress 
HSP90 mRNA expression upregulated in heart of laying broiler breeders (Xie et al. 
2014). The difference in the expression pattern among the reports may be due to the 
age difference of the birds used in the experiments. In vitro and in vivo high tem-
perature exposure induced higher levels of HSP 23, 70 and 90 expressions in broiler 
chickens peripheral leukocytes (Wang and Edens 1998). Layer chicken subjected to 
long term moderate heat stress had higher HSP70 protein concentration in circulat-
ing mononuclear blood cells but the response to heat stress was not uniform at dif-
ferent ages studied (Maak et al. 2003). Exposing chicken macrophage-line HD11 
cells to 45  °C for 2 h caused increase in mRNA expression of chaperone genes 
HSP25, HSPA2 and HSPH1 (Slawinska et al. 2016). The manifold expressed small 
HSP (HSP25) is ATP independent chaperone that bind to unfolded proteins and 
other HSP engage with these proteins to bring back to their original structure. Acute 
heat stress increases HSP90α, HSP90β and HSP70 expression in broiler spleen 
(Mahmoud et al. 2004). The body temperature of heat stressed young White Leghorn 
chickens were positively correlated with HSP70 expression in heart and liver 
(Mahmoud et al. 2003). High ambient temperature severely affects egg production 
and quality (Rozenboim et al. 2007). Apart from reduced feed intake and altered 
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physiological parameters of the hen (Darre and Harrison 1987) change in gene 
expressions of small ovarian follicles in the laying hens was reported. HSP25 gene 
expression was upregulated indicating damage to proteins of follicle cells (Cheng 
et al. 2015). There is 70–80% fall in capillary blood flow to large ovarian follicles 
and infundibulum in heat stressed laying hens (Wolfenson et al. 1981). Collectively, 
low blood flow and ovarian follicle cellular damage may be the reasons for reduc-
tion in egg production in laying hens.

The mRNA expression of HSP70 in tissues during heat stress differs depending 
on the breed of chicken, some were more tolerant to high ambient temperature than 
others (Zhang et al. 2014). Even the basal expression of HSP70 mRNA in liver and 
muscle differs with the HSP70 genotype of the chicken, expression being higher in 
heterozygous genotypes than that of homozygous genotypes (Zhen et al. 2006). A 
global gene expression study using microarray in acute heat exposed broiler chicken 
revealed differentially expressed genes including HSPH1 and HSP25 in brain, liver 
and leg muscle (Luo et al. 2014). These HSP genes were reported to be part of dif-
ferent functional clusters that were related to the effects of heat stress.

A clear difference in HSP gene expressions was found between the tissues. This 
might be due to the functional or metabolic status of the tissues. Likewise a differ-
ence in HSP gene expression was found between the chicken lines. The duration of 
heat exposure, acute or chronic, differentially affected HSP gene expressions. HSP 
are expressed in almost all vital organs studied in response to heat stress in chicken. 
The functional relationship between the HSP expression and other systems/process 
vis-à-vis production in chicken will be helpful to address the production and welfare 
of chicken during heat stress conditions.

6.3  �Epigenetics and Thermal Manipulation

The term epigenetics was introduced by Conrad Waddington (1942) and defined it 
as “the branch of biology which studies the causal interactions between genes and 
their products which bring the phenotype into being.” However, at present there is 
lack in clear definition of the term (Deans and Maggert 2015). It is now accepted 
that apart from information contained in DNA sequence the overall phenotype is 
also determined by epigenetic information. The epigenome is generated by different 
epigenetic processes such as DNA methylation, chromatin remodeling, post trans-
lational histone modifications, regulation of gene expression by non-coding RNA’s 
instability of genome and modification of animal phenotype by other forces 
(Triantaphyllopoulos et al. 2016). Epidemiological studies in humans and genetic 
studies in animals have revealed that epigenetic marks, in addition to the DNA 
sequence, may be transmitted across generations and influence the offspring pheno-
type (Jablonka 2009; Nätt et al. 2012).

Body temperature regulation system, similar to most functional systems, during 
embryogenesis develops from open loop control systems into closed control sys-
tems (Dӧrner 1974). The preoptic anterior hypothalamic area contains 
thermosensitive neurons that receive and integrate thermal signals from the body 
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and induces thermoregulatory responses so as to maintain relatively constant core 
body temperature. In prenatal or early post-hatching ontogeny, during critical devel-
opmental phases lifelong epigenetic adaptation takes place (Tzschentke and 
Plagemann 2006). Thus by thermal manipulation (TM) the ‘set point’ can be altered 
resulting in change in the threshold for heat production as well as heat loss of an 
animal. In chicken, TM can be carried out during egg incubation (pre-hatching) and 
post hatch period. In the process of thermal manipulations during embryogenesis 
three factors should be considered namely the critical phase, the temperature level 
and duration of exposure (Yahav 2015). TM carried from 7th day of egg incubation 
till 18th day of incubation and during first 10 days post hatch has been shown to 
produce beneficial effects (reduced stress and lower mortality) when broiler type 
chicken are raised under hot environmental conditions. Higher temperature during 
incubation may result in poor hatchability (own unpublished data; Yahav et  al. 
2004). The hypothesis underlying TM is that cells exposed to non lethal higher 
temperatures activate cellular stress responses that confer thermotolerance and 
resistance to future heat stress related damages. Epigenetic modifications such as 
DNA methylation and histone modifications in developing chicken embryos were 
found to be relatively stable after hatching, indicating these alterations may play 
critical role in development of chick embryos and neonates (Li et al. 2015).

6.3.1  �HSP in Thermal Manipulated Chicken

Pre-natal thermal manipulated coloured broilers reared and slaughtered at high 
ambient temperature had lower HSP gene and protein expressions in different tis-
sues (Rajkumar et al. 2015; Rajkumar et al. 2017; Vinoth et al. 2015). There was 
breed differences, Naked Neck chicken had no or variable effect of TM in these 
reports. This may be due to lesser feather coverage in Naked Neck chicken that 
helped in dissipating excess body heat than the coloured broiler used in the experi-
ment. The lower HSP genes expression in TM birds were analysed by luciferase 
reporter gene assay and found to be due to methylation at several sites in the pro-
moter regions of these genes (Vinoth 2016). Furthermore, in the same study differ-
ence in overall methylation frequency of HSP70 due to TM between two breeds of 
chicken was observed. Heat conditioning of 5–7 day old chicks on subsequent ther-
mal challenge at 42nd day had decreased HSP 27, 70 and 90 expressions in heart, 
liver and lung tissues (Yahav et al. 1997; Vinoth et al. 2016). It is clear from these 
reports that TM during incubation or at early age confers thermotolerance during 
adulthood and this thermotolerance is through lowered body temperature during 
stress period. Furthermore, lower HSP levels in thermotolerant birds indicate lesser 
damage to the cellular structures. Few reports state that adult chicken that were heat 
conditioned as chicks or thermal manipulated during incubation when heat stressed 
later had higher HSP gene expressions (Wang and Edens 1998; Al-Zhgoul et  al. 
2013). One possibility for the differences in HSP expression in stressed adult birds 
after TM during embryonic development may be due to different protocols or birds 
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used. Most of the TM reports are in broiler chicken since this protocol may be 
expected to be more beneficial to broilers because of their higher body mass and 
therefore comparatively greater predisposition to heat stress than layer chicken. A 
single report indicated beneficial effect of TM in layer breeders where TM manipu-
lated birds had lower HSP 70 and HSP 27 gene expression in spermatozoa under hot 
ambient condition (Shanmugam et  al. 2015). There is correlation between body 
temperature and induction of HSP, however, it was opined that the HSP response to 
early age TM was not part of long-term mechanism of this strategy (Yahav 2009). 
HSP response in acquisition of thermotolerance is only a part of the TM strategy 
and efforts in understanding other molecular mechanisms playing role are in prog-
ress. Peri-natal TM affects the development of certain tissues/organs in the adult 
stage. For example, in brain two genes (R-Ras3 and brain derived neurotropic fac-
tor) were found to be expressed higher in TM birds (Yahav 2009). Proteomic analy-
sis revealed higher expression of UMP-CMP kinase enzyme in heat stressed TM 
birds (Vinoth 2016). This enzyme is involved in both denovo and salvage pathways 
of nucleosides and catalyses the synthesis of UTP, CTP and dCTP (Pasti et  al. 
2003).

6.4  �Conclusions

Climate change and resultant increase in environmental temperature posses 
challenges in sustaining commercial chicken production and welfare. Heat stress 
causes reduction in production performance of both layer and broiler chicken. It is 
well established that in response to heat stress HSP expression is increased as a 
cellular mechanism to protect different protein against damage. During heat stress 
higher HSP expressions could be observed in almost all important body organs of 
chicken. Recent research is pointing to the advantages of epigenetic adaptation 
through thermal manipulation strategy. However, this strategy has to be fine-tuned 
for the temperature level and embryonic developmental stage so that the critical 
phases of different body control systems are beneficially modified. Furthermore, the 
interaction between HSP and other molecular systems needs detailed study for 
widespread commercial exploitation of thermal manipulation strategies in chicken.
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