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The continuous increase in poultry production over the last decades to meet the high growing demand and provide food security has attracted much concern due to the recent negative impacts of the most challenging environmental stressor, heat stress (HS), on birds. The poultry industry has responded by adopting different environmental strategies such as the use of environmentally controlled sheds and modern ventilation systems. However, such strategies are not long-term solutions and it cost so much for farmers to practice. The detrimental effects of HS include the reduction in growth, deterioration of meat quality as it reduces water-holding capacity, pH and increases drip loss in meat consequently changing the normal color, taste and texture of chicken meat. HS causes poor meat quality by impairing protein synthesis and augmenting undesirable fat in meat. Studies previously conducted show that HS negatively affects the skeletal muscle growth and development by changing its effects on myogenic regulatory factors, insulin growth factor-1, and heat-shock proteins. The focus of this article is in 3-fold: (1) to identify the mechanism of heat stress that causes meat production and quality loss in chicken; (2) to discuss the physiological, metabolic and genetic changes triggered by HS causing setback to the world poultry industry; (3) to identify the research gaps to be addressed in future studies.
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INTRODUCTION

The increasing world population demands a more efficient food production system since the global food shortage issue keeps on rising. The poultry sector is noted to make a considerable contribution to global nutrition and food security, which helps in the provision of cheap protein, essential micronutrients, and energy to humans (1). Poultry, owing to their short production cycles and having the potential of converting wide ranges of agricultural food waste and by-products into eggs and meat edible for humans. Poultry meat production have been reported to increase from 120.5 MMT (million metric tons) in 2017 to 122.5 MMT in 2018 (2). FAO (3) also estimated its production to reach 137 MMT in 2020, with growth being anticipated in China, Britain, the EU, Mexico, and Brazil, suggesting the poultry industry's hidden potentials.

Recently, there has been a remarkable escalation in global environmental temperature, which poses serious implications to the farming sector in both tropical and subtropical regions of the world. A gradual increase in ambient temperature affects all living organisms (4, 5). In living organisms, if the temperature exceeds the normal range (thermo-neutral zone), it disturbs the normal physiological functioning and induces cell injury. Usually, high ambient temperature leads to stress associated problems such as production losses, metabolic changes, growth depression, and poor efficiency (6, 7). In temperate regions of world the high ambient temperature during the summer season often proves disastrous for poultry farming as thermal stress induced by extremely high temperatures is responsible for massive economic losses to poultry industry. According to a report, the U.S. livestock production industry suffers a severe loss of $1.69 to $2.36 billion because of high environmental temperature; out of which poultry industry accounts the loss of $128 to $165 million (8). Heat stress (HS) is widely classified into acute heat stress (AHS), which is the intense environmental temperature for a brief period and chronic heat stress (CHS) characterized by high temperature for a longer duration. Unluckily, both AHS and CHS challenge the genetic, nutritional, pharmaceutical, and management developments made by the animal farming industries that cause a considerable drop in production, proving to be one of the major hurdles to achieve efficient livestock farming in many regions of the world (9, 10). Chronic heat stress has permanent damaging effect on the broiler chicken, if heat stress persists for longer period of time it increases fat content and damages the muscle portion of chicken unlike acute heat stress. Apart from duration of heat stress, the extent of production damage is also dependent on the intensity of heat stress (11). Harmful consequences of heat exhaustion (temperature exceeds beyond thermo-neutral zone and animal no more able to regulate body temperature) in animal farming would become more challenging as temperature keeps rising due to global warming. Climate change due to global warming is becoming more relevant these days, especially for the chicken meat industry (12, 13). The broiler industry faces the challenge of HS, which increases production cost and severely damages the meat quality due to poultry's susceptibility to heat because of their rapid metabolic rate and high growth. Metabolic changes occur in chickens, specifically, broilers, reared in a HS environment, causing a considerable decrease in breast muscle size of the broiler chicken. HS is also responsible for the reduction in the protein content of muscles (14). Both AHS and CHS could cause a sharp decline in the metabolism of birds, which in turn will induce serious complications regarding the growth and performance of the broilers, such as a change in color, the decline in muscle pH, water-holding capacity (WHC), and juiciness of chicken meat (15, 16). Many studies have revealed that high ambient temperature causes oxidative stress by producing reactive oxygen species (ROS). ROS has severe implications on skeletal muscle development, as they are responsible for lipid peroxidation in muscles (17, 18). Thus, understanding the mechanisms underlying, the causes, and effects of HS and the strategies that can be put in place to curb or control such global menace, can be beneficial in solving the global food insecurity issues. This review dealt deep in analyzing the available information surrounding HS impact and the strategies to limit the unwanted implications of this threat. Figure 1 illustrates the physiological, metabolic and genetic changes amid HS and its relation to meat production and quality in chicken.
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FIGURE 1. Relationship of HS with physiological and biochemical changes in chicken and how it affects broiler chickens' meat quality.




HEAT STRESS IN BROILERS; HOW DOES IT PROCEED?

Any foreign stimuli, which alters the normal biological and physiological mechanisms within living cells and threatens the living organism's survival, is referred as stress (18, 19). In broiler production, environmental stress is often caused by numerous factors, including ambient temperature, which severely compromises birds' normal physiology, leading to poor production efficiency and food safety (20). In animals, stress often manifests in three stages. Firstly, the recognition of external stress by the body is known as a state of alarm. Secondly, stress induces the immune mechanism in living cells; thus, if stress persists, the body tries to adapt to that new environment. Despite all resistance, if the body still fails to cope with that stress, it leads to the exhaustion stage (21). Every living organism responds to HS accordingly, depending on the intensity and duration of stress. Numerous studies reported a substantial reduction in feeding and walking duration (discrete values) of birds kept under HS conditions as heat-stressed birds spend most of the time in acclimatizing activities such as panting, drinking more water, and resting to cope with the HS (22).

The neuroendocrine system plays a very significant role in HS response by inducing the autonomic nervous system (ANS) that often regulates fight and flight situations in living organisms (23). In response to HS, the ANS takes charge and triggers tachycardia (increased heartbeat), increases respiration rate and enhances the blood flow toward the body peripheries (skin) for maximum heat loss to maintain body temperature (23, 24). It also promotes the breakdown of glycogen into glucose in muscles and reduces their capacity to store energy (6, 13). Activation of the neuroendocrine system positively regulates the release of catecholamine. Catecholamine acts on beta androgenic receptors of skeletal muscles and initiates a series of reactions, disturbing the normal enzymatic activity in skeletal muscles as it inhibits the enzyme glycogen phosphorylase and activates the muscle glycogenolysis (25). HS also activates the hypothalamic-pituitary-adrenal axis (HPA) along with the sympathetic-adrenal-medullar axis (SAM), which promotes the release of glucocorticoids, vasodilation, lipolysis, and proteolysis in muscles (26, 27). Glucocorticoids enhance glucose synthesis to confirm the survival of animals under such critical conditions as HS. The substantial release of glucocorticoids characterizes AHS as compared to CHS. Glucocorticoids encourage proteolysis by damaging myofibrils in skeletal muscles facilitated through major proteolytic mechanisms (ca+2 dependent, ubiquitin-proteasome system) (28, 29).

Furthermore, glucocorticoids initiate the hydrolysis of circulating triglycerides, intensifying the activity of lipoprotein lipase that leads to an increase in lipolysis. Moreover, anabolic factors like insulin growth factor (IGF-1) are negatively regulated by glucocorticoids to worsen the skeletal muscle damage. HPA is considered a better indicator of HS than corticosterone as it could be secreted in many other conditions like fear of invading animals etc. (30, 31). Corticosterone is secreted from both the HPA axis and the pituitary gland, corticosterone's secretion rate is relatively as slow compared to adrenaline but displays more compound and prominent effect during HS (32, 33). Long-term secretion of corticosterone during chronic HS is linked to many deleterious consequences in broiler chicken, including compromised immunity, muscle breakdown, cardiac issues, and depression (Figure 2). HS also induces infertility by disturbing reproductive hormones, severely affecting poultry gut health (leaky gut), as well as the altering of the immune functioning by triggering inflammatory cytokines (34).


[image: Figure 2]
FIGURE 2. Mechanism of heat stress in broiler. HPA, Hypothalamic pituitary adrenal axis; ANS, Autonomic nervous system.




THERMOREGULATORY APPARATUS IN CHICKEN

All homoeothermic organisms have an optimal temperature range considered as the thermo-neutral zone unlike poikilotherms whose body temperature varies greatly depending on environmental temperature. In case the environmental temperature increases, the birds require more energy to maintain their body temperature (35). During HS conditions, metabolic heat increases, and animal succumbs to hyperthermia. Birds do not have sweat glands unlike mammals, but they have developed some behavioral adaptations to cope with heat, including elevated respiration rate, panting and raised wings (35, 36). In commercial poultry, high production always remained a priority that made the broiler more vulnerable to environmental stressors. The insulation provided by feathers in commercial poultry is one of the major hindrances in birds' thermoregulation (35, 37). To sum up, high ambient temperature beyond the thermo-neutral zone during the production phases badly affect meat production, meat quality and cause severe immune problems in the broiler flocks.



IMPACT OF HS ON POULTRY MEAT PRODUCTION


Reduction in Feed Intake and Poor Weight Gain

Reduction in feed intake in HS animals is an adaptive mechanism to minimize metabolic heat production. A significant decrease in feed intake, body weight gain, and feed efficiency has been reported in many studies conducted on birds and other animals. During stress conditions, the priority of every living organism is to survive rather than growth. A recent study on broilers revealed that both cyclical and continuous heat stress significantly compromises growth performance by reducing protein digestibility up to 9.7%. Broilers under heat stress (32°C) have shown increased metabolizable energy intake (20.3%) and heat production (35.5%), and decreased energy retention (20.9%) and energy efficiency (32.4%) as compared to control group (38). Another study in laying hens reported a significant decrease in weight gain as average body weight (BW) of heat stressed hens was recorded 1.233 kg as compared to 1.528 kg BW of control group after 5 weeks of chronic heat stress (35°C). The significant decrease in weight is possibly due to reduced feed intake as birds under heat conditions ate less feed in relation to the control ones (39). This reduction in feed intake and nutrient digestibility severely compromises production efficiency and product quality. Chicken meat quality deteriorates since poor nutrients availability causes a sharp decline in muscle glycogen reserves, leading to dark, firm, and dry (DFD) meat (16).



Increase in Fat and Reduction in Protein Contents of Poultry Meat

High ambient temperature disrupts normal lipid metabolism (lipolysis) by downregulating the enzymes involved in lipid breakdown resulting in more fat deposition and reduced protein content in muscles (40, 41). Many publications reported increased fat content in chicken under HS that seems to be an adaptive mechanism in birds as they store more energy in the form of fat to avoid further heat production during metabolism. A study conducted by Zhang et al. (14) reported that broiler birds raised under CHS (34–36°C) showed reduction in breast muscle mass (31.53%) and thigh muscle (11.17%) as compared to the normal control group. Considerable reduction in breast muscle mass was characterized by a significant change in chemical composition with higher fat quantity and lower protein concentration in muscles. Another study also concluded that cyclical HS (33°C for 9 h, 25°C for 15 h 1–42 days) in broiler reduced breast muscle weight by 16% (42). Lu et al. (43) reported higher intramuscular fat, increased activity of pyruvate kinase and lactate dehydrogenase in pectoral muscles of broilers under HS (32°C for 14 days). Moreover, CHS reduces the rate of aerobic metabolism by disturbing the mitochondrial functioning, decreasing aerobic metabolic activity and promoting glycolysis consequently leading to more fat deposition in muscles, which ultimately deteriorates meat quality (44). A study reported more fatness and low protein content in HS-broiler-chicken as compared to those maintained at the thermo-neutral condition (45). Production and quality losses in broiler chicken are not merely due to the reduced intake. Many other factors, including physiological, biochemical, and hormonal changes, are equally involved in all these losses to the poultry industry.




EXCESSIVE HEAT BURDEN TRIGGERS METABOLIC STRESS THAT DETERIORATES MEAT QUALITY


Excessive Production of ROS Impairs Meat Quality

Genetic modifications for rapid growth in broiler chicken has made the chicken more vulnerable to environmental stressors (17, 46). Oxidative stress is among the major stressors, which can potentially halt chicken growth, having severe consequences on the broiler's meat quality. Increased ROS liberation is potentially damaging as it aggravates the aging of muscles, protein degradation and inactivates the nuclear proteins, including DNA and RNA. HS induces ROS production by impairing mitochondrial function leading to reduced aerobic metabolism of fat and glucose and enhanced glycolysis, which ultimately results in poor meat quality characterized by low pH and high drip loss (47). Living tissues have many antioxidants to cope with oxidants, if the balance among antioxidants and oxidants disturbs and oxidants exceed a certain limit within the body, this condition indicates oxidative stress. Mostly oxidants are produced during cellular metabolism in the mitochondria of living cells. Cellular metabolism is not the only source of oxidants, some external sources, including feed comprised of oxidized lipids and fats, are responsible for producing reactive oxygen species (48). According to Mujahid et al. (49), leakage of electrons from the mitochondrial respiratory chain during oxidative phosphorylation is the main source of ROS. HS increases ROS production by compromising the electron transport chain's functioning, which is necessary for energy production in the muscles (50).

ROS changes calcium sensitivity by oxidizing the thiol groups in the ryanodine receptor and damages an enzyme sarcoendoplasmic reticulum Ca+2-ATPase (SERCA). This enzyme maintains calcium balance within the sarcoplasmic reticulum by removing extra calcium. Due to ROS, this system for calcium control collapses leading to overwhelming muscle contractions, culminating in muscle dystrophy (51–53). Numerous studies reported that oxidative stress leads to cell death and causes oxidation of protein and lipids, which ultimately deteriorates production efficiency and quality. Production of ROS in mitochondria leads to cellular oxidative stress, and it has severe consequences on physiological and behavioral characteristics in birds, which ultimately reduces the performance efficiency of the commercial meat birds. In short, oxidative stress lowers ATP production, creates calcium imbalance, and oxidizes several proteins within mitochondria along with mitochondrial membrane disruption (48, 53, 54).



Acidosis Lowers Water Holding Capacity (WHC) and Damages Meat Texture

Rapid pH reduction in chicken muscle is also associated with HS, and it has severe implications on meat quality or texture. Multiple studies indicated HS to potentially reduce muscle pH leading to harmful changes in muscles (55). HS triggers anaerobic glycolysis within the muscles during and after slaughtering of the animal, thus, more H+ and lactic acid accumulate in the muscles due to hydrolysis of ATP during the anaerobic glycolysis. This result in a rapid drop in the pH of muscles leading to low water holding capacity which then develop into an abnormal condition called pale, soft, and exudative meat (56, 57).



Thyroid Hormone Imbalance Under HS Impairs Skeletal Muscle Development

Thyroid hormone plays crucial role in the thermogenesis of avian via the thermoregulation by controlling metabolic heat production that is crucial to maintain normal body temperature. Tri-iodothyronine (T3) and tetra-iodothyronine (T4) enhance basal metabolism by modifying the mitochondrial function and assists skeletal muscles to acclimatize with a changing environment. Recent study regarding thyroid hormones in heat-stressed chicken found that high ambient temperature reduces both activity and size of thyroid. Lower level of thyroid hormone has observed in different studies conducted on heat stressed (38 °C for 24 h) quail (58) and domestic fowl (59). Thyroid hormones from external sources have also been observed to have lower survival time during HS (60). In broiler chicken, the thyroid gland's size, along with activity, decreases by high ambient temperatures and vice-versa (15). High ambient temperature normally responsible for drop in T3 and T4 plasma concentration. This mechanism is an adaptive tool to escape extra heat load, by decreasing metabolic heat production, plummeting maintenance energy requirements and increasing fat deposition by discouraging lipolysis (45, 61).



How Does Meat Quality Deteriorate?


Drip Loss

After slaughtering, when muscle converts to meat, it loses some of its contents, including water, myofibers, iron, and proteins. Loss of muscle contents during which meat tends to lose its original texture and taste are often referred as drip loss (62). When frozen meat is being thawed, it loses its texture and taste due to loss of water contents and leakage of other nutritional contents through the water. Drip loss is related to overall meat quality as it reduces meat palatability, juiciness, and acceptability of meat. It is one of the major meat quality defects, of which experts are trying to resolve, most particularly in pork and chicken (63). HS before slaughtering of bird increases metabolic rate and rigor mortis that results in protein denaturation. As protein is involved in the water-binding capacity of meat, so protein damage due to high carcass temperature hinders protein ability to bind water that culminates into pronounced reduction in poor water-holding ability characterized by higher drip loss and cooking loss (64). According to a recent study, constant high temperature harms water-holding capacity because it increases drip loss in poultry meat. The researchers found that broiler birds' meat under high temperatures had increased value of cook loss, shear force, and decreased pH. Birds under cyclic heat had higher cook loss value in breast muscles as compared to those raised under the thermo-neutral environment (14). Practical observations and studies have demonstrated both AHS and CHS during the housing period of broiler to be responsible for poor water-holding capacity.



Development of Pale, Soft, and Exudative Meat

In chicken, the development of PSE is mainly due to the rapid decrease in pH after birds' slaughtering. Birds with high metabolic activities and efficient growth rates often have poor thermoregulatory ability; consequently, these birds are more prone to HS during the growing period (65). HS, during the broiler's growth period especially, causes multiple problems, including muscle atrophy, acid-base imbalance, and poor meat quality. In chicken, mostly muscles are comprised of fast twitching fibers. Fast twitching fibers are mainly dependent on anaerobic glycolysis (66). HS before slaughtering accelerates the anaerobic glycolysis in muscles and lowers pH during the conversion of muscles into the meat while the body temperature is high (67). High carcass temperature with low pH causes protein degradation and develops PSE condition (68). The processing capability of PSE meat is poor making processed meat more dry and brittle due to lack of proper WHC and protein extractability (69, 70). During hot weather, the broiler industry reports extensive losses in meat production due to reduced water holding capacity, poor meat texture, and pale color (57).



Production of Protein Carbonyls

AHS downregulates the protein synthesis at the transcriptional level, and it alters both ribosomal gene transcription and protein synthesis, consequently reducing protein deposition. The different durations of HS have different implications on the protein metabolism of hyperthermic animals (15). Short duration HS increases protein catabolism (marked by an increased plasma uric acid level), reduces protein synthesis and N retention, which decreases plasma concentrations of aspartic acid (Asp), serine (Ser), tyrosine (Tyr), and cysteine (Cys) (71). However, CHS knockdown protein synthesis in various muscles, decreases protein breakdown, with lower levels of plasma amino acids (especially sulfur and branched-chain amino acids) and higher serum levels of Asp, glutamic acid (Glu), and phenylalanine (Phe) (45, 72).





THE GENETIC BASIS OF MUSCLE DEVELOPMENT AND HEAT STRESS

Skeletal muscles contribute up to 40–60% of total animal body weight and play a crucial role in the movement, respiration, and homeostasis of the animal body (73). Moreover, they play significant role in the food industry and have significant economic importance. Especially in meat-producing animals, scientists and researchers are busy finding multiple ways to enhance skeletal muscle mass (74). Each muscle cell in skeletal muscle is termed as myofibril having multiple nuclei. This myofibril arises from the fusion of mesoderm progenitor cells called myoblast. In almost every major species, the number of myofibrils set at the time of birth and cannot be increased after birth, but muscle size can be increased (75). In chickens, muscle growth after birth is only due to hypertrophy, characterized by proliferation and fusion of activated satellite cells with muscle fibers and increased protein synthesis ability. Myogenesis is an intricate process having multiple steps determined by numerous myogenic factors including transcription factors, adhesion, molecules, growth hormones, and myogenic regulatory factors (76). Figure 3 illustrates the stepwise process of muscle cell formation and highlights genetic factors, which regulate the myofiber formation at every step.
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FIGURE 3. Step wise progress of myofiber formation during skeletal muscle development.in chicken.


Myogenic Regulatory Factors (MRFs), namely; Myf5, MyoD, myogenin, and MRF4, are members of the basic helix-loop-helix family of transcription factors that control the determination and differentiation of skeletal muscle cells during embryogenesis and postnatal myogenesis (77). MRFs form a family of transcription factors whose function and activity represent a paradigm where a series of molecular switches determine an entire cell lineage's fate. The MRFs are a group of muscle-specific proteins that act at multiple points in the muscle lineage to cooperatively establish the skeletal muscle phenotype by regulating the muscle cell proliferation, irreversible cell cycle arrest of precursor cells, followed by a regulated activation of sarcomeric and muscle-specific genes to facilitate differentiation and sarcomere assembly (78). A study on the mouse model has shown that MyoD, Myf5, and MRF4 are responsible for a myogenic determination as in the absence of these factors, there will be no skeletal muscle formation. At the same time, myogenin works as a differentiation factor. As myogenesis initiates, Myf5 is the first regulatory gene to be activated near the neural tube while Mrf4 is also activated during the early stages, but later on, it expresses only during the differentiation of the skeletal muscles (79, 80).

Constituents of the endocrine system, such as growth hormone (GH), IGF-1, and androgens, are the principal regulators of muscle metabolism. These endocrine components significantly impact muscle growth and act as anabolic factors, the major regulators of muscle's bulk (81). IGF-1 is considered to play key roles in fetal development and growth up to adolescence and in maintaining homeostasis in adult tissues by regulating cell proliferation, differentiation, and survival (82). IGF-1 exhibits a direct and crucial influence on muscle growth and differentiation during skeletal muscle development. Numerous studies have reported that IGF-1 is a positive regulator of myogenesis, which tightly controls the whole process of myogenic development. It is involved in various phases of myogenesis and muscle regeneration: triggering satellite cell proliferation, increasing protein synthesis, and promoting differentiation (82, 83).

MRFs are key regulators in skeletal muscle development, and numerous studies reported that HS has negative implications on myogenic regulatory factors. Low expression levels of MyoD, myogenin had been observed in chicken embryos at high temperatures (84). HS, during the embryonic development phase, postpones the formation of myofibers, consequently affecting the muscle proliferation and differentiation at later stages. The number of muscle fibers is fixed at the time of birth and can never increase; the only size of those fibers increases, and major muscle growth in chicken is carried out by hypertrophy lead by protein deposition (85, 86). A study on muscle development reported that HS impairs muscle hypertrophy by reducing the IGF-1 gene expression level and circulating IGF-1 concentration. HS also decreases the expression of MyoD, MyoG, and consequently hinders muscle hypertrophy by inhibiting S6K1. S6K1 plays a major role in cell growth regulation and muscle hypertrophy (84, 87). A study demonstrated that knockdown of S6K1 in rats caused a significant reduction in muscle size. This molecule is responsible for cell growth by increasing muscle cell size without affecting the cell number (84, 88).

To conclude, HS reduces growth performance, breast muscle mass, and yield in broilers. HS also reduced the mRNA expressions of IGF-1 and its downstream genes in breast muscle, thereby induced inactivity of mTOR and its downstream target S6K1 that regulates MRFs to decrease muscle hypertrophy. Meanwhile, the reduction of muscle protein synthesis is caused by reductions in both muscle amino acid uptake and the expressions of specific transporter isoforms due to the inactivity of mTOR and S6K1 (84).



HEAT SHOCK PROTEINS DURING HEAT STRESS

Heat shock proteins are widely considered as stress proteins found within the cells of all living organisms. During the high ambient temperature, living cells trigger a response named “heat shock response,” which activates the specific set of proteins to protect cells from stressors like heat (89). The primary function of heat shock proteins is housekeeping, they maintain order in the cell by synthesizing other proteins while during stressful environment or any pathological condition, their expression level increases and they incline to attract immune cells at the respective site or organ (90, 91). HSPs comprised six members classified and named on the basis of molecular weight, including HSP40, HSP70, HSP90, HSP100, small HSPs, and chaperonins. HSPs originate from an extracellular environment and function in specific parts of the body as stress signals and trigger immune cells during any stress and unfavorable conditions. HSPs also play an important role in protein formation and degradation by regulating folding/unfolding and translocation of proteins. All living organisms produce heat shock proteins under HS environment as these proteins are only produced under the stimuli of any stressor such as high temperature (91–94).


Role of HSPs as Stress Indicator and Cell Protector

HSP70 is very crucial for cell recovery after the damage done by HS (95). Increased expression levels of HSPs during HS is an adaptive phenomenon that improves tolerance level against HS in living cells as the studies on the transcriptional behavior of heat shock proteins have revealed that HSPs are the heat polypeptides produced due to high temperature. HSP70 and 90 are more extensively studied families among heat shock proteins, and these two families exhibit a plethora of functions from involving in cell tolerance to control cell cycle (96–99). Exposure to high ambient temperature enhances the production of heat shock proteins, which are synthesized in respective cells experiencing stress, and helps synthesize other proteins. It also regulates many processes, including protein refolding, translocation, and prevents the oxidative breakdown and apoptosis of damaged proteins during stress conditions. All these functions carried out by Heat shock proteins are very handy for cell recovery after stress (96, 100–102). Studies revealed that HSPs play regulatory roles in various types of immunity. Production of HSPs during HS is mainly to attract immune cells. Numerous studies on differentially expressed genes during HS have shown that HSPs are related to birds' immune functioning during HS (103).



HSPs Protect the Muscle Cells From Damage

In an HS environment, HSPs repair the damaged proteins. In normal climatic conditions, HSP 70 is present in low concentrations as molecular chaperones, while the level of HSPs increases rapidly in muscles during cellular stress (hyperthermia, oxidative stress, changes in pH). An increase of HSPs leads to significant changes in gene expression leading to remodeling of skeletal muscles (104). Numerous studies in broiler chickens reported that the HSP family is playing a key role to repair the damaged cells, and it has observed during acute stress, HSP70 expressed in the muscles, liver, heart, kidney, and blood vessels (101, 105). During AHS, an upregulated gene expression of HSP70 and 90 have been observed in muscle cells of broiler chicken. Moreover, AHS triggers both protein and mRNA expression of HSP70 and 90 in the kidney of chicken. A study conducted on Taiwanese roosters under acute HS has revealed the upregulation of HSP70 and 90 in Taiwanese roosters' testes. In contrast, another study reported depression in the expression level of HSP 90 and HSP25, which are believed to be involved in protein folding (101, 106, 107).



HSPs Regulates Meat Quality by Inhibiting Muscle Apoptosis

After the slaughtering of animals, muscles undergo cell apoptosis due to the unavailability of oxygen and nutrients within muscle cells. All those factors involved in the apoptotic activity of muscle cells are considered to control the animal's ultimate meat quality. Multiple studies reported the role of small heat shock proteins as an anti-apoptotic factor in muscle cells during post-mortem changes in muscles of slaughtered animals and influences the meat quality attributes including color, tenderness, juiciness, and the meat flavor (108, 109). After the muscle undergoes cell death due to apoptosis, the number of small heat shock protein increases at that side and lowers the rate of apoptosis and unfolding of proteins in muscles (110). They delay protein degradation in muscle cells and try to maintain homeostasis at the cellular level. In this way, small heat shock proteins impede the aging process and play a crucial part in developing meat quality (110, 111).




DEALING WITH HS TO IMPROVE MEAT PRODUCTION AND MEAT QUALITY


Dietary Supplementation

Multiple nutritional strategies have been suggested to alleviate HS destructive effects in the poultry industry. Previous studies revealed that protein metabolism is severely affected by chronic HS and leads to reduced protein deposition in muscles. This dwindling protein level cannot be compensated through dietary protein because it further aggravates HS by producing more metabolic heat (112, 113). On the other hand, reducing protein concentration in diet culminates in to poor weight gain and lower feed efficiency. Chickens on a low protein diet often consume more feed to fulfill their protein requirements and the consumption of more feed results in poor feed efficiency. It has suggested that feed with more fat supplementation and low protein contents could minimize HS mischievous impact (114, 115). A similar study (116) proposed that feed supplemented with 5% fat and 4% palm oil can improve broiler production performance under the HS environment by lowering feed retention and optimizing the nutrient utilization. Secondly, Feed restrictions during the early period of life in chicken have been proved handy in reducing HS's damaging effects. A study demonstrated that feed restriction during early days of broiler chicken (4–6 days after birth) promotes heat tolerance later in life (35–40 days of age) (7, 116). Early feed reduction (EFR) and fat supplemented feed have a beneficial impact on heat-stressed broiler birds.

Thirdly, ample supplementation of vitamins is obligatory for better broiler production, especially amid harsh environment (10, 116, 117). Vitamin supplementation through drinking water is common practice in some poultry farms that have proved helpful to boost immunity and enhance heat-stressed broilers' performance. Diets containing vitamin A help broilers to fight against oxidative injuries induced by high environmental temperature (118). Kucuk et al. (118) also reported that vitamin A fortification has positive effects on production status as it enhances body weight gain, feed efficiency and reduces oxidative damage. Poultry birds can synthesize Vitamin C by itself and does not seek an external supply of vitamin C during normal conditions. However, under stress conditions, the additional supplementation of vitamin C might be fruitful for broilers' better performance as it promotes fatty acid oxidation instead of protein breakdown and reduces respiratory quotient (119). Studies reported increased hunger of birds for vitamin C during HS as vitamin C promotes fatty acid oxidation instead of protein breakdown and reduces respiratory quotient (119, 120). Moreover, it enhances meat quality by producing meat with high protein and low-fat contents and maintains redox status during high temperature because of its ability to be one of the best antioxidants. A study based on vitamin E diet supplementation reported that vitamin E supplementation promotes the phagocytic activity of macrophages and increases serum antibodies (IgM and IgG) levels in broiler under HS (121).


Use of Herbs

There has been much attention placed on how herbal feed additives can be used in alleviating the adverse effects of HS, which in a way will help to enhance the production and performance of other animals, including poultry, pigs, and rabbits (122). The advantages of herbal additives include pharmacological and nutritional values and amelioration of many animal diseases. For example, there was noticeable recovery reported in animals which suffered harmful HS sequence after dietary supplementation of some herbs such as Ginger, Fennel, Black seed, hot red pepper, Artemisia annua, Rosemary, Moringa, Radix bupleurum, Chicory, and Dill (123).

Ginger (Zingiber officinale) as widely known to be used in the treatment of lots of disorders (119), contains compounds such as gingerdione, gingerdiol, and shagaols, which possess quite a lot of antioxidant and antimicrobial activities (119, 124). The addition of ginger (2%) to heat-stressed broilers significantly improved the biochemical blood parameters and the growth performance in comparison to the control whereby the changes which emanated were attributed to antibacterial potential of the supplement, which in effect improved the digestibility, palatability, metabolism, and health status of the chicken (119, 124). HS is noted to affect the poultry by reducing the villus height in quail (125) and broiler chicks (126). However, broilers supplemented with 2 and 4 g/kg garlic diets revealed the highest intestinal villi and most significant crypt depth in comparison to the control as reported by Shewita and Taha (127) although negative impacts on body weight, FCR, and FI at higher levels (6 g/kg) were reported. A report by Khonyoung et al. (128) showed that dietary supplemented with fermented-dried ginger products at 1% can help reduce abdominal fat, which in effect can help improve the health of heat-stressed broilers. For Fennel (Foeniculum vulgare), lots of research showcases the role that its essential oil plays as an antioxidant, antimicrobial, and a potent hepatoprotective agent (129, 130). A study conducted by Ragab et al. (131) revealed an improvement of feed intake, meat breast (%), and leukocytes of heat-stressed Ross broilers after 1 or 2% of this herb. Correspondingly, fennel fruits supplementation at 10 or 20 g/kg diet in heat-stressed laying hens significantly improved the quality of eggs, reduced the malondialdehyde (MDA) contents, carboxyl levels in eggs, and again reduced the triglyceride and cholesterol contents (132). Again, Mohammed and Abbas (133) also observed that feeding of chicks with 1, 2, and 3 g fennel/kg diet significantly increased the RBCs, Hb, and PCV in comparison to the control.

Again, Nigella sativa, commonly known as the black seed, has been used in many HS research of poultry, and effect has shown encouraging results due to the higher nutritional values it carries. Active materials such as thymoquinone, nigellone, and thymohydroquinone, which aids in exerting antitoxic and antimicrobial properties through increased defense mechanisms against infectious diseases, are reported to be contained in black seed (134). Heat stressed pigeon which was fed with 2% black seed aided in weight gain and body weight improvement, hepatic lesion protection, which led to mild vascular congestion and vacuolization of the hepatocyte without creating damages to sinusoids in comparison to the control [EL (135)]. Heat stressed broilers subjected to a 1% black seed diet increased the feed intake, dressing percentage, body gain while reducing the panting behavior, water to feed ratio, corticosterone, and T3 levels (136). Judging from these, ginger, fennel and black seed herb among others can be used to reduce the bad effects HS is noted to have on the poultry production.



Probiotic Effects on HS in Poultry

The supplementation of feed additives such as probiotics, prebiotics, and symbiotics has been used lately to curb the negative impacts HS poses in birds (9). Probiotics are “live microorganisms which, when administered in adequate amounts, confer a health benefit on the host (137).” Lots of research have been conducted proving that probiotics administration in diets is a sure way of improving the growth, immune response, digestive enzyme activity, disease resistance, gut microbiota in aquatic animals (138–141) chicken (142), pigs (143), etc. Given this, probiotics have gained lots of attentions from scientists in the poultry industry as the addition of this additive is a sure way of enhancing the intestinal morphology, physiological conditions, immunity; thus, the overall well-being and performance of heat-stressed poultry as previously reported (144, 145). A study conducted by Zulkifli et al. (146) reported that a probiotic-enhanced water acidifier (S. faecium and L. acidophilus + citric acid + sorbic acid + sodium citrate + sodium chloride + zinc sulfate + ferrous sulfate + potassium chloride + cellulase +magnesium sulfate) aided in the restoration of Na and K levels in broilers after 1 day HS. Broilers subjected to HS saw an increase in T3 (147) and T4 (148) in the serum after administering probiotics.

There has been a report that “Protexin® Boost,” a probiotic treatment, improved serum uric acid levels of heat-stressed birds. Uric acid plays a critical role as an antioxidative agent (149); thus, an increase in its level after the probiotic treatment depicts that the probiotic exerts some mechanism in alleviating the oxidative damage after the HS in birds. Hasan et al. (150) observed an increase in hemoglobins in heat-stressed birds after dietary supplementation of probiotics (Protexin® Boost). Furthermore, probiotics have also been revealed to improve the immune system of HS birds (151). It has been established that, the administration of probiotics enhances not only the responses of antibody (146, 151, 152) but also leukocytes count (153) in heat-stressed birds. Intraepithelial lymphocyte (IEL), an important host immune system component, is noted to respond rapidly when host organisms are infected (154). An experiment executed by Deng et al. (151) revealed a lower IEL number in the cecum and ileum of laying hens at week 61. Hasan et al. (155) revealed that the lymphoid organ's involution due to HS in poultry could be prevented by B. subtilis supplementation. Correspondingly, Lei et al. (156) observed a reduction in the corticosterone levels, which causes lymphoid organ involution after HS. Studies show that probiotics' dietary supplementation enhances the intestinal composition after HS conditions (144). Many studies on the health and well-being of heat-stressed poultry after supplementation have been established, as some have been discussed. Table 1 also enlists other research performed previously, which reveals the positive effects of probiotics in improving microbiota, morphology, and immune response of heat-stressed poultry.


Table 1. Role of different probiotics to counter the damaging impact of heat stress in poultry.
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Introducing Heat Tolerant Traits From Indigenous Breeds Into Commercial Breeds

Introduction of new technologies such as genomics provides valuable data and new approaches to address these challenges. The commercial broiler industry's focus largely remained only on fast weight gain and feed efficiency from previous two decades. Commercial breeds capable of gaining more weight in thermo-neutral conditions when raised under a high-temperature environment fail to maintain their growth performance (15). Genetic selection for heat tolerance in broilers needs to be taken into account, especially in tropical and subtropical regions of the world. A specific phenotype “frizzled feather,” characterized by curly feathers waving outside, was reported by Darwin (163). It was proposed that this type of chicken gives the best protection against the severe environment and the specific gene revealing such characteristics expresses in many chicken breeds (164). A study reported that 69-bp deletion in KRT6A was responsible for frizzle character in chicken. On the other hand, our research group conducted study on local Chinese frizzle breed found a 15-bp deletion in the KRT75L4 gene (165). This natural mutation in the chicken genome is reflected as an adaptive mechanism as these birds can tolerate heat better and are mostly found in warm regions. Data on the country-wise distribution of different animal breeds on the FAO website revealed both naked neck and frizzled feather chicken found worldwide. The naked neck gene has also been observed to withstand extreme climatic changes like high temperature (116).

Naked neck (Na), Frizzle (F, candidate gene: KRT6A and KRT75L4), and Dwarf (Dw, candidate gene: GHR) genes in poultry are considered candidate genes to tolerate thermal stress. Naked neck gene reduces the feather mass up to 40% and lowers the chances of heat insulation due to more feathers on the skin (166, 167). Studies reported that Na chicken perform better under heat stress compared to birds with normal feathers. Better immunity and production performance have also been observed in the Na chicken line (168). Lack of feathers on the neck provides more space for heat dissipation and discourages heat insulation, helping birds tolerate the harsh temperature. Na gene has a considerable positive role in production performance and immunity development in birds. It also minimizes the fat deposition in the breast region, promoting heat dissipation, leading to heat tolerance (166, 169, 170). The dwarf (GHR) gene is also considered a heat-tolerant gene as it reduces body size from 30 to 40%. Na, F, and Dw genes could prove beneficial for the commercial poultry industry in tropical and subtropical parts of the world (171). Figure 4 shows different heat-tolerant breeds, including naked neck, frizzled feather, and dwarf chicken.


[image: Figure 4]
FIGURE 4. (A) Frizzled feather chicken (B) Naked neck chicken (C) Comparison among normal and frizzle feathers, frizzle feathers on the left side, normal feathers on right side (D) Dwarf size plymouth rock chicken with normal Plymouth rock chicken (E) Shank length of dwarf chicken as compared to normal chicken (These pictures have been taken in Guangdong Ocean University, Zhanjiang, China by our research group).





CONCLUSION

With time, HS issue is becoming more challenging for poultry industry. Genotype selection in broiler birds for higher growth rates to meet ever-increasing food requirement has made broiler chicken vulnerable to HS. Unluckily, the detrimental consequences of heat stress for poultry health and production are likely to continue and to be acquired by next generation during gestation if selection for only production traits is prioritized against heat tolerance and climate adaption according to current trends of global warming. High producers, commercial broiler breeds cannot withstand HS resulting in substantial economic losses to the industry, which triggers food security issues. Genetic selection for heat tolerance in poultry is the only durable solution to curb HS's negative implications. Realizing this threat to food security, scientists and industry's concerted efforts will be required to overcome this problem. These efforts should include (a) Genotype profiling of heat-tolerant breeds along with comprehensive studies on the interaction between genotype and phenotype in both heat tolerant and susceptible broiler breeds. (b) To explore the complete molecular mechanism of muscle development and muscle growth during HS environment. (c) Crossing frizzled feathers chicken breed to dwarf breed may give more apparent illustration about molecular and genetic mechanisms underlying heat resistance. Apart from breeding strategies, adopting modern managerial and environmental strategies could minimize the deleterious effects of heat on meat production and quality.



AUTHOR CONTRIBUTIONS

AHN did the majority of the writing by communicating with KA and coordinated the document editing. LZ provided advice on the research input to the review article and performed significant edits to the document as well the funding acquisition. QYL, JHZ, and WLZ helped to gather and analyze information regarding the topic of review.



FUNDING

This work was supported by the Natural Science Foundation of China (31672412 and 31972550) and Guangdong Province (2020A1515011576).



REFERENCES

 1. Mottet A, Tempio G. Global poultry production: current state and future outlook and challenges. Worlds Poult Sci J. (2017) 73:245–56. doi: 10.1017/S0043933917000071

 2. Bahri SIS, Ariffin AS, Mohtar S. Critical review on food security in Malaysia for broiler industry. Int J Acad Res Bus Soc Sci. (2019) 9:869–76. doi: 10.6007/IJARBSS/v9-i7/6186

 3. FAO. Meat Market Review. Rome (2018).

 4. Nardone A, Ronchi B, Lacetera N, Ranieri MS, Bernabucci U. Effects of climate changes on animal production and sustainability of livestock systems. Livest Sci. (2010) 130:57–69. doi: 10.1016/j.livsci.2010.02.011

 5. Sejian V, Bhatta R, Gaughan JB, Dunshea FR, Lacetera N. Review: adaptation of animals to heat stress. Animal. (2018) 12:431–44. doi: 10.1017/S1751731118001945

 6. Afsal A, Sejian V, Bagath M, Devaraj C, Bhatta R. Heat stress and livestock adaptation: neuro-endocrine regulation. Int J Vet Anim Med. (2018) 2:1–7. doi: 10.31021/ijvam.20181108

 7. Renaudeau D, Collin A, Yahav S, de Basilio V, Gourdine JL, Collier RJ. Adaptation to hot climate and strategies to alleviate heat stress in livestock production. Animal. (2012) 6:707–28. doi: 10.1017/S1751731111002448

 8. St-Pierre NR, Cobanov B, Schnitkey G. Economic losses from heat stress by US livestock industries. J Dairy Sci. (2003) 86:52–77. doi: 10.3168/jds.S0022-0302(03)74040-5

 9. Lara L, Rostagno M. Impact of heat stress on poultry production. Animals. (2013) 3:356–69. doi: 10.3390/ani3020356

 10. Pawar SS, Basavaraj S, Dhansing LV, Pandurang KN, Sahebrao KA, Vitthal NA, et al. Assessing and mitigating the impact of heat stress in poultry. Adv Anim Vet Sci. (2016) 4:332–41. doi: 10.14737/journal.aavs/2016/4.6.332.341

 11. Adu-Asiamah P, Zhang Y, Amoah K, Leng QY, Zheng JH, Yang H, et al. Evaluation of physiological and molecular responses to acute heat stress in two chicken breeds. Animal. (2021) 15:100106. doi: 10.1016/j.animal.2020.100106

 12. Abd El-Hack ME, Abdelnour SA, Taha AE, Khafaga AF, Arif M, Ayasan T, et al. Herbs as thermoregulatory agents in poultry: an overview. Sci Total Environ. (2020) 703:134399. doi: 10.1016/j.scitotenv.2019.134399

 13. Gregory NG. How climatic changes could affect meat quality. Food Res Int. (2010) 43:1866–73. doi: 10.1016/j.foodres.2009.05.018

 14. Zhang ZY, Jia GQ, Zuo JJ, Zhang Y, Lei J, Ren L, et al. Effects of constant and cyclic heat stress on muscle metabolism and meat quality of broiler breast fillet and thigh meat. Poult Sci. (2012) 91:2931–7. doi: 10.3382/ps.2012-02255

 15. Gonzalez-Rivas PA, Chauhan SS, Ha M, Fegan N, Dunshea FR, Warner RD. Effects of heat stress on animal physiology, metabolism, and meat quality: a review. Meat Sci. (2020) 162:108025. doi: 10.1016/j.meatsci.2019.108025

 16. Song DJ, King AJ. Effects of heat stress on broiler meat quality. Worlds Poult Sci J. (2015) 71:701–9. doi: 10.1017/S0043933915002421

 17. Altan Ö, Pabuçcuoglu A, Altan A, Konyalioglu 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. doi: 10.1080/00071660310001618334

 18. Kumar B. Stress and its impact on farm animals. Front Biosci. (2012) 4:e496. doi: 10.2741/e496

 19. Cirule D, Krama T, Vrublevska J, Rantala MJ, Krams I. A rapid effect of handling on counts of white blood cells in a wintering passerine bird: a more practical measure of stress? J. Ornithol. (2012) 153:161–6. doi: 10.1007/s10336-011-0719-9

 20. Nawab A, Ibtisham F, Li G, Kieser B, Wu J, Liu W, et al. Heat stress in poultry production: mitigation strategies to overcome the future challenges facing the global poultry industry. J Therm Biol. (2018) 78:131–9. doi: 10.1016/j.jtherbio.2018.08.010

 21. Virden WS, Kidd MT. Physiological stress in broilers: ramifications on nutrient digestibility and responses. J Appl Poult Res. (2009) 18:338–47. doi: 10.3382/japr.2007-00093

 22. Mack LA, Felver-Gant JN, Dennis RL, Cheng HW. Genetic variations alter production and behavioral responses following heat stress in 2 strains of laying hens. Poult Sci. (2013) 92:285–94. doi: 10.3382/ps.2012-02589

 23. Chen Y, Arsenault R, Napper S, Griebel P. Models and methods to investigate acute stress responses in cattle. Animals. (2015) 5:1268–95. doi: 10.3390/ani5040411

 24. Minton JE. Function of the hypothalamic-pituitary-adrenal axis and the sympathetic nervous system in models of acute stress in domestic farm animals. J Anim Sci. (1994) 72:1891–8. doi: 10.2527/1994.7271891x

 25. Roach PJ. Control of glycogen synthase by hierarchal protein phosphorylation. FASEB J. (1990) 4:2961–8. doi: 10.1096/fasebj.4.12.2168324

 26. Kuo T, Harris CA, Wang J-C. Metabolic functions of glucocorticoid receptor in skeletal muscle. Mol Cell Endocrinol. (2013) 380:79–88. doi: 10.1016/j.mce.2013.03.003

 27. Shini S, Kaiser P, Shini A, Bryden WL. Biological response of chickens (Gallus gallus domesticus) induced by corticosterone and a bacterial endotoxin. Comp Biochem Physiol Part B Biochem Mol Biol. (2008) 149:324–33. doi: 10.1016/j.cbpb.2007.10.003

 28. Bell RAV, Al-Khalaf M, Megeney LA. The beneficial role of proteolysis in skeletal muscle growth and stress adaptation. Skelet Muscle. (2016) 6:16. doi: 10.1186/s13395-016-0086-6

 29. Schiaffino S, Dyar KA, Ciciliot S, Blaauw B, Sandri M. Mechanisms regulating skeletal muscle growth and atrophy. FEBS J. (2013) 280:4294–314. doi: 10.1111/febs.12253

 30. Cockrem JF. Stress, corticosterone responses and avian personalities. J Ornithol. (2007) 148:169–78. doi: 10.1007/s10336-007-0175-8

 31. Ognik K, Sembratowicz I. Stress as a factor modifying the metabolism in poultry. A review. Ann UMCS Zootech. (2012) 30:34–43. doi: 10.2478/v10083-012-0010-4

 32. Mormède P, Andanson S, Aupérin B, Beerda B, Guémené D, Malmkvist J, et al. Exploration of the hypothalamic–pituitary–adrenal function as a tool to evaluate animal welfare. Physiol Behav. (2007) 92:317–39. doi: 10.1016/j.physbeh.2006.12.003

 33. Smith SM, Vale WW. The role of the hypothalamic-pituitary-adrenal axis in neuroendocrine responses to stress. Dial Clin Neurosci. (2006) 8:383–95. doi: 10.31887/DCNS.2006.8.4/ssmith

 34. Romero LM, Platts SH, Schoech SJ, Wada H, Crespi E, Martin LB, et al. (2012). Understanding stress in the healthy animal – potential paths for progress. Stress. (2015) 18:491–7. doi: 10.3109/10253890.2015.1073255

 35. Spiers DE. Physiological basics of temperature regulation in domestic animals. In: R. J. Collier, J. L. Collier, editors. Environmental Physiology of Livestock. Oxford: Wiley-Blackwell (2012). p. 17–34. doi: 10.1002/9781119949091.ch2

 36. Lin H, Zhang HF, Du R, Gu XH, Zhang ZY, Buyse J, et al. Thermoregulation responses of broiler chickens to humidity at different ambient temperatures. II Four weeks of age. Poult Sci. (2005) 84:1173–8. doi: 10.1093/ps/84.8.1173

 37. Eppley ZA. Development of thermoregulation in birds: physiology, interspecific variation and adaptation to climate. In: Johnston IA, Bennett AF, editors. Animals and Temperature. Cambridge University Press (1996). p. 313–46. doi: 10.1017/CBO9780511721854.014

 38. de Souza LFA, Espinha LP, de Almeida EA, Lunedo R, Furlan RL, Macari M. How heat stress (continuous or cyclical) interferes with nutrient digestibility, energy and nitrogen balances and performance in broilers. Livest Sci. (2016) 192:39–43. doi: 10.1016/j.livsci.2016.08.014

 39. Mashaly MM, Hendricks GL, Kalama MA, Gehad AE, Abbas AO, Patterson PH. Effect of heat stress on production parameters and immune responses of commercial laying hens. Poult Sci. (2004) 83:889–94. doi: 10.1093/ps/83.6.889

 40. Cahaner A, Pinchasov Y, Nir I, Nitsan Z. Effects of dietary protein under high ambient temperature on body weight, breast meat yield, and abdominal fat deposition of broiler stocks differing in growth rate and fatness. Poult Sci. (1995) 74:968–75. doi: 10.3382/ps.0740968

 41. Lu Z, He XF, Ma BB, Zhang L, Li JL, Jiang Y, et al. Increased fat synthesis and limited apolipoprotein B cause lipid accumulation in the liver of broiler chickens exposed to chronic heat stress. Poult Sci. (2019) 98:3695–704. doi: 10.3382/ps/pez056

 42. Shakeri M, Cottrell J, Wilkinson S, Ringuet M, Furness J, Dunshea F. Betaine and antioxidants improve growth performance, breast muscle development and ameliorate thermoregulatory responses to cyclic heat exposure in broiler chickens. Animals. (2018) 8:162. doi: 10.3390/ani8100162

 43. Lu Q, Wen J, Zhang H. Effect of chronic heat exposure on fat deposition and meat quality in two genetic types of chicken. Poult Sci. (2007) 86:1059–64. doi: 10.1093/ps/86.6.1059

 44. Zaboli G, Huang X, Feng X, Ahn DU. How can heat stress affect chicken meat quality? – A review. Poult Sci. (2019) 98:1551–6. doi: 10.3382/ps/pey399

 45. Geraert PA, Padilha JCF, Guillaumin S. Metabolic and endocrine changes induced by chronic heat exposure in broiler chickens: biological and endocrinological variables. Br J Nutr. (1996) 75:205–16. doi: 10.1079/BJN19960125

 46. Sihvo H-K, Immonen K, Puolanne E. Myodegeneration with fibrosis and regeneration in the pectoralis major muscle of broilers. Vet Pathol. (2014) 51:619–23. doi: 10.1177/0300985813497488

 47. Estévez M. Oxidative damage to poultry: from farm to fork. Poult Sci. (2015) 94:1368–78. doi: 10.3382/ps/pev094

 48. Cadenas E, Davies KJA. Mitochondrial free radical generation, oxidative stress, and aging. Free Radic Biol Med. (2000) 29:222–30. doi: 10.1016/S0891-5849(00)00317-8

 49. 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. doi: 10.1016/j.febslet,.2007.06.051

 50. Huff Lonergan E, Zhang W, Lonergan SM. Biochemistry of postmortem muscle — lessons on mechanisms of meat tenderization. Meat Sci. (2010) 86:184–95. doi: 10.1016/j.meatsci.2010.05.004

 51. Favero TG, Zable AC, Abramson JJ. Hydrogen peroxide stimulates the Ca2+ Release channel from skeletal muscle sarcoplasmic reticulum. J Biol Chem. (1995) 270:25557–63. doi: 10.1074/jbc.270.43.25557

 52. Küchenmeister U, Kuhn G, Ender K. Preslaughter handling of pigs and the effect on heart rate, meat quality, including tenderness, and sarcoplasmic reticulum Ca2+ transport. Meat Sci. (2005) 71:690–5. doi: 10.1016/j.meatsci.2005.05.020

 53. Zissimopoułos S, Lai FA. Redox regulation of the ryanodine receptor/calcium release channel. Biochem Soc Trans. (2006) 34:919–21. doi: 10.1042/BST0340919

 54. Belhadj Slimen I, Najar T, Ghram A, Dabbebi H, Ben Mrad M, Abdrabbah M. Reactive oxygen species, heat stress and oxidative-induced mitochondrial damage. A review. Int J Hyperth. (2014) 30:513–23. doi: 10.3109/02656736.2014.971446

 55. Wang Y, Du W, Lei K, Wang B, Wang Y, Zhou Y, et al. Effects of dietary bacillus licheniformis on gut physical barrier, immunity, and reproductive hormones of laying hens. Probiotics Antimicrob Proteins. (2017) 9:292–9. doi: 10.1007/s12602-017-9252-3

 56. Strasburg GM, Chiang W. Pale, soft, exudative turkey—the role of ryanodine receptor variation in meat quality. Poult Sci. (2009) 88:1497–505. doi: 10.3382/ps.2009-00181

 57. Van Laack RLJ, Liu C-H, Smith MO, Loveday HD. Characteristics of pale, soft, exudative broiler breast meat. Poult Sci. (2000) 79:1057–61. doi: 10.1093/ps/79.7.1057

 58. Del Vesco AP, Gasparino E, Zancanela V, Grieser DO, Stanquevis CE, Pozza PC, et al. Effects of selenium supplementation on the oxidative state of acute heat stress-exposed quails. J Anim Physiol Anim Nutr. (2017) 101:170–9. doi: 10.1111/jpn.12437

 59. Huston TM, Edwards HM, Williams JJ. The effects of high environmental temperature on thyroid secretion rate of domestic fowl. Poult Sci. (1962) 41:640–5. doi: 10.3382/ps.0410640

 60. Bowen SJ, Washburn KW. Thyroid and adrenal response to heat stress in chickens and quail differing in heat tolerance. Poult Sci. (1985) 64:149–54. doi: 10.3382/ps.0640149

 61. Collin A, Cassy S, Buyse J, Decuypere E, Damon M. Potential involvement of mammalian and avian uncoupling proteins in the thermogenic effect of thyroid hormones. Domest Anim Endocrinol. (2005) 29:78–87. doi: 10.1016/j.domaniend.2005.02.007

 62. Ponsuksili S, Jonas E, Murani E, Phatsara C, Srikanchai T, Walz C, et al. Trait correlated expression combined with expression QTL analysis reveals biological pathways and candidate genes affecting water holding capacity of muscle. BMC Genomics. (2008) 9:367. doi: 10.1186/1471-2164-9-367

 63. Forrest JC, Morgan MT, Borggaard C, Rasmussen AJ, Jespersen BL, Andersen JR. Development of technology for the early post mortem prediction of water holding capacity and drip loss in fresh pork. Meat Sci. (2000) 55:115–22. doi: 10.1016/S0309-1740(99)00133-3

 64. Woelfel RL, Owens CM, Hirschler EM, Martinez-Dawson R, Sams AR. The characterization and incidence of pale, soft, and exudative broiler meat in a commercial processing plant. Poult Sci. (2002) 81:579–84. doi: 10.1093/ps/81.4.579

 65. Petracci M, Mudalal S, Soglia F, Cavani C. Meat quality in fast-growing broiler chickens. Worlds Poult Sci J. (2015) 71:363–74. doi: 10.1017/S0043933915000367

 66. Zhang X, Owens CM, Schilling MW. Meat: the edible flesh from mammals only or does it include poultry, fish, and seafood? Anim. Front. (2017) 7:12–8. doi: 10.2527/af.2017.0437

 67. Yost J, Kenney P, Slider S, Russell R, Killefer J. Influence of selection for breast muscle mass on myosin isoform composition and metabolism of deep pectoralis muscles of male and female turkeys. Poult Sci. (2002) 81:911–7. doi: 10.1093/ps/81.6.911

 68. Wilhelm AE, Maganhini MB, Hernández-Blazquez FJ, Ida EI, Shimokomaki M. Protease activity and the ultrastructure of broiler chicken PSE (pale, soft, exudative) meat. Food Chem. (2010) 119:1201–4. doi: 10.1016/j.foodchem.2009.08.034

 69. Barbut S, Sosnicki AA, Lonergan SM, Knapp T, Ciobanu DC, Gatcliffe LJ, et al. Progress in reducing the pale, soft and exudative (PSE) problem in pork and poultry meat. Meat Sci. (2008) 79:46–63. doi: 10.1016/j.meatsci.2007.07.031

 70. Owens CM, Alvarado CZ, Sams AR. Research developments in pale, soft, and exudative turkey meat in North America. Poult Sci. (2009) 88:1513–7. doi: 10.3382/ps.2009-00008

 71. Emadi M, Kaveh K, Jahanshiri F, Hair-Bejo M, Ideris A, Alimon AR. Dietary tryptophan effects on growth performance and blood parameters in broiler chicks. J Anim Vet Adv. (2010) 9:700–4. doi: 10.3923/javaa.2010.700.704

 72. Temim S, Chagneau A-M, Peresson R, Tesseraud S. Chronic heat exposure alters protein turnover of three different skeletal muscles in finishing broiler chickens fed 20 or 25% protein diets. J Nutr. (2000) 130:813–9. doi: 10.1093/jn/130.4.813

 73. Yin H, Zhang S, Gilbert ER, Siegel PB, Zhu Q, Wong EA. Expression profiles of muscle genes in postnatal skeletal muscle in lines of chickens divergently selected for high and low body weight. Poult Sci. (2014) 93:147–54. doi: 10.3382/ps.2013-03612

 74. Ge X, Zhang Y, Park S, Cong X, Gerrard DE, Jiang H. Stac3 inhibits myoblast differentiation into myotubes. PLoS ONE. (2014) 9:e95926. doi: 10.1371/journal.pone.0095926

 75. Yin H, Price F, Rudnicki MA. Satellite cells and the muscle stem cell niche. Physiol Rev. (2013) 93:23–67. doi: 10.1152/physrev.00043.2011

 76. Bryson-Richardson RJ, Currie PD. The genetics of vertebrate myogenesis. Nat Rev Genet. (2008) 9:632–46. doi: 10.1038/nrg2369

 77. Hernández-Hernández JM, García-González EG, Brun CE, Rudnicki MA. The myogenic regulatory factors, determinants of muscle development, cell identity and regeneration. Semin Cell Dev Biol. (2017) 72:10–8. doi: 10.1016/j.semcdb.2017.11.010

 78. Buckingham M, Rigby PWJ. Gene regulatory networks and transcriptional mechanisms that control myogenesis. Dev Cell. (2014) 28:225–38. doi: 10.1016/j.devcel.2013.12.020

 79. Fong AP, Tapscott SJ. Skeletal muscle programming and re-programming. Curr Opin Genet Dev. (2013) 23:568–73. doi: 10.1016/j.gde.2013.05.002

 80. Moncaut N, Rigby PWJ, Carvajal JJ. Dial M(RF) for myogenesis. FEBS J. (2013) 280:3980–90. doi: 10.1111/febs.12379

 81. Fink J, Schoenfeld BJ, Nakazato K. The role of hormones in muscle hypertrophy. Phys Sportsmed. (2018) 46:129–34. doi: 10.1080/00913847.2018.1406778

 82. Winston BW, Ni A, Arora RC. Insulin-like growth factors. In: Laurent GJ, Shapiro SD, editors. Encyclopedia of Respiratory Medicine. Elsevier (2006). p. 339–46. doi: 10.1016/B0-12-370879-6/00453-1

 83. Clemmons DR. Role of IGF-I in skeletal muscle mass maintenance. Trends Endocrinol Metab. (2009) 20:349–56. doi: 10.1016/j.tem.2009.04.002

 84. Ma B, He X, Lu Z, Zhang L, Li J, Jiang Y, et al. Chronic heat stress affects muscle hypertrophy, muscle protein synthesis and uptake of amino acid in broilers via insulin like growth factor-mammalian target of rapamycin signal pathway. Poult Sci. (2018) 97:4150–8. doi: 10.3382/ps/pey291

 85. Knapp JR. Loss of myogenin in postnatal life leads to normal skeletal muscle but reduced body size. Development. (2006) 133:601–10. doi: 10.1242/dev.02249

 86. Rehfeldt C, Te Pas MFW, Wimmers K, Brameld JM, Nissen PM, Berri C, et al. Advances in research on the prenatal development of skeletal muscle in animals in relation to the quality of muscle-based food. I Regulation of myogenesis and environmental impact. Animal. (2011) 5:703–17. doi: 10.1017/S1751731110002089

 87. Ohanna M, Sobering AK, Lapointe T, Lorenzo L, Praud C, Petroulakis E, et al. Atrophy of S6K1-/- skeletal muscle cells reveals distinct mTOR effectors for cell cycle and size control. Nat Cell Biol. (2005) 7:286–94. doi: 10.1038/ncb1231

 88. Yin H, Li D, Wang Y, Zhao X, Liu Y, Yang Z, et al. Myogenic regulatory factor (MRF) expression is affected by exercise in postnatal chicken skeletal muscles. Gene. (2015) 561:292–9. doi: 10.1016/j.gene.2015.02.044

 89. Frier BC, Locke M. Heat stress inhibits skeletal muscle hypertrophy. Cell Stress Chaperones. (2007) 12:132. doi: 10.1379/CSC-233R.1

 90. Lindquist S. The heat-shock response. Annu Rev Biochem. (1986) 55:1151–91. doi: 10.1146/annurev.bi.55.070186.005443

 91. Shankar K, Mehendale HM. Heat-shock proteins. In: Wexler P, editor. Encyclopedia of Toxicology. Bethesda, MD: Elsevier (2014). p. 830–1. doi: 10.1016/B978-0-12-386454-3.00320-1

 92. Bernabòl P, Rebecchi L, Jousson O, Martínez-Guitarte JL, Lencioni V. Thermotolerance and hsp70 heat shock response in the cold-stenothermal chironomid Pseudodiamesa branickii (NE Italy). Cell Stress Chaperones. (2011) 16:403–10. doi: 10.1007/s12192-010-0251-5

 93. De Maio A, Vazquez D. Extracellular heat shock proteins. Shock. (2013) 40:239–46. doi: 10.1097/SHK.0b013e3182a185ab

 94. Hartl FU. Molecular chaperones in the cytosol: from nascent chain to folded protein. Science. (2002) 295:1852–8. doi: 10.1126/science.1068408

 95. Ming J, Xie J, Xu P, Liu W, Ge X, Liu B, et al. Molecular cloning and expression of two HSP70 genes in the Wuchang bream (Megalobrama amblycephala Yih). Fish Shellfish Immunol. (2010) 28:407–18. doi: 10.1016/j.fsi.2009.11.018

 96. Bakthisaran R, Tangirala R, Rao CM. Small heat shock proteins: role in cellular functions and pathology. Biochim Biophys Acta Proteins Proteomics. (2015) 1854:291–319. doi: 10.1016/j.bbapap.2014.12.019

 97. Pockley AG. Heat shock proteins as regulators of the immune response. Lancet. (2003) 362:469–76. doi: 10.1016/S0140-6736(03)14075-5

 98. Vamvakopoulos NO. Tissue-specific expression of heat shock proteins 70 and 90: potential implication for differential sensitivity of tissues to glucocorticoids. Mol Cell Endocrinol. (1993) 98:49–54. doi: 10.1016/0303-7207(93)90235-C

 99. Wegele H, Müller L, Buchner J. Hsp70 and Hsp90—a relay team for protein folding. In: Mager T, editor. Reviews of Physiology, Biochemistry and Pharmacology. Berlin; Heidelberg: Springer Berlin Heidelberg (2004). p. 1–44. doi: 10.1007/s10254-003-0021-1

 100. Jiang S, Mohammed AA, Jacobs JA, Cramer TA, Cheng HW. Effect of synbiotics on thyroid hormones, intestinal histomorphology, and heat shock protein 70 expression in broiler chickens reared under cyclic heat stress. Poult Sci. (2020) 99:142–50. doi: 10.3382/ps/pez571

 101. Pei-Ming S, Yu-Tian L, Qing-Hua W, Zhi-Liang W, En-Dong B. HSP70 and HSP70 mRNA localization in heat-stressed tissues of broilers. Chinese J Agric Biotechnol. (2007) 4:181–6. doi: 10.1017/S1479236207001726

 102. Yu J, Bao E. Effect of acute heat stress on heat shock protein 70 and its corresponding mRNA expression in the heart, liver, and kidney of broilers. Asian Australas J Anim Sci. (2008) 21:1116–26. doi: 10.5713/ajas.2008.70703

 103. Shevtsov M, Multhoff G. Heat shock protein–peptide and hsp-based immunotherapies for the treatment of cancer. Front Immunol. (2016) 7:171. doi: 10.3389/fimmu.2016.00171

 104. Abdelnour SA, Abd El-Hack ME, Khafaga AF, Arif M, Taha AE, Noreldin AE. Stress biomarkers and proteomics alteration to thermal stress in ruminants: a review. J Therm Biol. (2019) 79:120–34. doi: 10.1016/j.jtherbio.2018.12.013

 105. Zhang WW, Kong LN, Zhang XQ, Luo QB. Alteration of HSF3 and HSP70 mRNA expression in the tissues of two chicken breeds during acute heat stress. Genet Mol Res. (2014) 13:9787–94. doi: 10.4238/2014.November.27.6

 106. Lei L, Yu J, Bao E. Expression of heat shock protein 90 (Hsp90) and transcription of its corresponding mRNA in broilers exposed to high temperature. Br Poult Sci. (2009) 50:504–11. doi: 10.1080/00071660903110851

 107. Wang SH, Cheng CY, Tang PC, Chen CF, Chen HH, Lee YP, et al. Differential gene expressions in testes of L2 strain Taiwan country chicken in response to acute heat stress. Theriogenology. (2013) 79:374–82.e7. doi: 10.1016/j.theriogenology.2012.10.010

 108. Balan P, Kim YHB, Blijenburg R. Small heat shock protein degradation could be an indicator of the extent of myofibrillar protein degradation. Meat Sci. (2014) 97:220–2. doi: 10.1016/j.meatsci.2014.01.019

 109. Lomiwes D, Farouk MM, Wiklund E, Young OA. Small heat shock proteins and their role in meat tenderness: a review. Meat Sci. (2014) 96:26–40. doi: 10.1016/j.meatsci.2013.06.008

 110. Herrera-Mendez CH, Becila S, Boudjellal A, Ouali A. Meat ageing: reconsideration of the current concept. Trends Food Sci Technol. (2006) 17:394–405. doi: 10.1016/j.tifs.2006.01.011

 111. Ouali A, Herrera-Mendez CH, Coulis G, Becila S, Boudjellal A, Aubry L, et al. Revisiting the conversion of muscle into meat and the underlying mechanisms. Meat Sci. (2006) 74:44–58. doi: 10.1016/j.meatsci.2006.05.010

 112. Attia YA, Al-Harthi MA, Sh., Elnaggar A. Productive, physiological and immunological responses of two broiler strains fed different dietary regimens and exposed to heat stress. Ital J Anim Sci. (2018) 17:686–97. doi: 10.1080/1828051X.2017.1416961

 113. Daghir N. Nutritional strategies to reduce heat stress in broilers and broiler breeders. Lohmann Inf. (2009) 44:6–15. Available online at: https://thepoultrypunch.com/2019/05/nutritional-strategies-to-alleviate-the-effect-of-heat-stress-in-broilers/

 114. Ghazalah AA, Abd-Elsa MO, Ali AM. Influence of dietary energy and poultry fat on the response of broiler chicks to heat therm. Int J Poult Sci. (2008) 7:355–9. doi: 10.3923/ijps.2008.355.359

 115. Naga Raja Kumari K, Narendra Nath D. Ameliorative measures to counter heat stress in poultry. Worlds Poult Sci J. (2018) 74:117–30. doi: 10.1017/S0043933917001003

 116. Fisinin VI, Kavtarashvili AS. Heat stress in poultry. II methods and techniques for prevention and alleviation (review). Sel'skokhozyaistvennaya Biol. (2015) 50:431–43. doi: 10.15389/agrobiology.2015.4.431eng

 117. Sahin K, Smith MO, Onderci M, Sahin N, Gursu MF, Kucuk O. Supplementation of zinc from organic or inorganic source improves performance and antioxidant status of heat-distressed quail. Poult Sci. (2005) 84:882–7. doi: 10.1093/ps/84.6.882

 118. Kucuk O, Sahin N, Sahin K. Supplemental zinc and vitamin a can alleviate negative effects of heat stress in broiler chickens. Biol Trace Elem Res. (2003) 94:225–36. doi: 10.1385/BTER:94:3:225

 119. Khan RU, Naz S, Nikousefat Z, Selvaggi M, Laudadio V, Tufarelli V. Effect of ascorbic acid in heat-stressed poultry. Worlds Poult Sci J. (2012) 68:477–90. doi: 10.1017/S004393391200058X

 120. Mahmoud UT, Mootaz AM, Abdel-Rahman MHAD. Effects of propolis, ascorbic acid and vitamin E on thyroid and corticosterone. J Adv Vet Res. (2014) 4:18–27. Available online at: https://www.cabdirect.org/cabdirect/abstract/20143121467

 121. Habibian M, Ghazi S, Moeini MM. Effects of dietary selenium and vitamin e on growth performance, meat yield, and selenium content and lipid oxidation of breast meat of broilers reared under heat stress. Biol Trace Elem Res. (2016) 169:142–52. doi: 10.1007/s12011-015-0404-6

 122. Liu P, Wang X, Hu C, Hu T. Inhibition of proliferation and induction of apoptosis by trimethoxyl stilbene (TMS) in a lung cancer cell line. Asian Pac J Cancer Prev. (2011) 12:2263–9. Available online at: https://europepmc.org/article/MED/22296367

 123. Abd El-Hack ME, Alagawany M, Noreldin AE. Managerial and nutritional trends to mitigate heat stress risks in poultry farms. Handb Environ Chem. (2019) 77:325–38. doi: 10.1007/698_2018_290

 124. Rehman Z, Chand N, Khan RU, Naz S, Alhidary IA. Serum biochemical profile of two broiler strains supplemented with vitamin E, raw ginger (Zingiber officinale) and L-carnitine under high ambient temperatures. S Afr J Anim Sci. (2019) 48:935. doi: 10.4314/sajas.v48i5.13

 125. Sandikci M, Eren U, Onol AG, Kum S. The effect of heat stress and the use of Saccharomyces cerevisiae or (and) bacitracin zinc against heat stress on the intestinal mucosa in quails. Rev Med Vet. (2004) 155:552–6. doi: 10.5281/zenodo.1072271

 126. Mitchell MA, Carlisle AJ. The effects of chronic exposure to elevated environmental temperature on intestinal morphology and nutrient absorption in the domestic fowl (Gallus domesticus). Comp Biochem Physiol Part A Physiol. (1992) 101:137–42. doi: 10.1016/0300-9629(92)90641-3

 127. Shewita RS, Taha AE. Effect of dietary supplementation of different levels of black seed (Nigella sativa L) on growth performance, immunological, hematological and carcass parameters of broiler chicks. World Acad Sci Eng Technol. (2011) 5:31325. Available online at: https://www.revmedvet.com/artdes-us.php?id=1273

 128. Khonyoung D, Yamauchi K, Buwjoom T, Maneewan B, Thongwittaya N. Effects of dietary dried fermented ginger on growth performance, carcass quality, and intestinal histology of heat-stressed broilers. Can J Anim Sci. (2012) 92:307–17. doi: 10.4141/cjas2011-129

 129. Özbek H, Ugraş S, Dülger H, Bayram I, Tuncer I, Öztürk G, et al. Hepatoprotective effect of Foeniculum vulgare essential oil. Fitoterapia. (2003) 74:317–19. doi: 10.1016/S0367-326X(03)00028-5

 130. Ruberto G, Baratta MT, Deans SG, Dorman HJD. Antioxidant and antimicrobial activity of foeniculum vulgare and Crithmum maritimum essential oils. Planta Med. (2000) 66:687–93. doi: 10.1055/s-2000-9773

 131. Ragab MS, Namra MMM, Aly MMM, Fathi MA. Impact of inclusion fennel seeds and thyme dried leaves in broiler diets on some productive and physiological performance during summer season. Egypt Poult Sci. (2016) 33:197–219. Available online at: https://www.researchgate.net/publication/338623480_IMPACT_OF_INCLUSION_FENNEL_SEEDS_AND_THYME_DRIED_LEAVES_IN_BROILER_DIETS_ON_SOME_PRODUCTIVE_AND_PHYSIOLOGICAL_PERFORMANCE_DURING_SUMMER_SEASON

 132. Gharaghani H, Shariatmadari F, Torshizi M. Effect of fennel (Foeniculum vulgare Mill.) used as a feed additive on the egg quality of laying hens under heat stress. Rev Bras Ciência Avícola. (2015) 17:199–207. doi: 10.1590/1516-635x1702199-208

 133. Mohammed AA, Abbas RJ. The effect of using fennel seeds (Foeniculum vulgare L.) on productive performance of broiler chickens. Int J Poult Sci. (2009) 8:642–4. doi: 10.3923/ijps.2009.642.644

 134. Forouzanfar F, Fazly Bazzaz BS, Hosseinzadeh H. Black cumin (Nigella sativa) and its constituent (thymoquinone): a review on antimicrobial effects. Iran J Basic Med Sci. (2014) 17:929–38.

 135. Shoukary RDEL, Sayed RK, Hassan RI. Behavioral, hepato-morphological, and biochemical studies on the possible protective effect of black seed and water bath against change-mediated heat stress on pigeon. J Basic Appl Zool. (2018) 79:23. doi: 10.1186/s41936-018-0035-5

 136. El-Shoukary RDM, Darwish MHA, Abdel-Rahman MAM. Behavioral, Performance, carcass traits and hormonal changes of heat stressed broilers feeding black and coriander seeds. Adv Vet Res. (2014) 4:97–101. Available online at: https://advetresearch.com/index.php/AVR/article/view/79

 137. FAO/WHO. WHO Working Group Guidelines for the Evaluation of Probiotics 734 in Food. London (2002).

 138. Abarike ED, Jian J, Tang J, Cai J, Yu H, Lihua C, et al. Influence of traditional Chinese medicine and Bacillus species (TCMBS) on growth, immune response and disease resistance in Nile tilapia, Oreochromis niloticus. Aquac Res. (2018) 49:2366–75. doi: 10.1111/are.13691

 139. Amoah K, Dong X, Tan B, Zhang S, Chi S, Yang Q, et al. Administration of probiotic Bacillus licheniformis induces growth, immune and antioxidant enzyme activities, gut microbiota assembly and resistance to Vibrio parahaemolyticus in Litopenaeus vannamei. Aquac Nutr. (2020) 26:1604–22. doi: 10.1111/anu.13106

 140. Amoah K, Huang Q, Dong X, Tan B, Zhang S, Chi S, et al. Paenibacillus polymyxa improves the growth, immune and antioxidant activity, intestinal health, and disease resistance in Litopenaeus vannamei challenged with Vibrio parahaemolyticus. Aquaculture. (2020) 518:734563. doi: 10.1016/j.aquaculture.2019.734563

 141. Amoah K, Dong X, Tan B, Zhang S, Kuebutornye FKA, Chi S, et al. In vitro assessment of the safety and potential probiotic characteristics of three Bacillus strains isolated from the intestine of hybrid grouper (Epinephelus fuscoguttatus♀ × Epinephelus lanceolatus♂). Front Vet Sci. (2021) 8:675962. doi: 10.3389/fvets.2021.675962

 142. Xu S, Lin Y, Zeng D, Zhou M, Zeng Y, Wang H, et al. Bacillus licheniformis normalize the ileum microbiota of chickens infected with necrotic enteritis. Sci Rep. (2018) 8:1744. doi: 10.1038/s41598-018-20059-z

 143. Li X-Q, Zhu Y-H, Zhang H-F, Yue Y, Cai Z-X, Lu Q-P, et al. Risks associated with high-dose Lactobacillus rhamnosus in an Escherichia coli model of piglet diarrhoea: intestinal microbiota and immune imbalances. PLoS ONE. (2012) 7:e40666. doi: 10.1371/journal.pone.0040666

 144. Al-Fataftah A-R, Abdelqader A. Effects of dietary Bacillus subtilis on heat-stressed broilers performance, intestinal morphology and microflora composition. Anim Feed Sci Technol. (2014) 198:279–85. doi: 10.1016/j.anifeedsci.2014.10.012

 145. Faseleh Jahromi M, Wesam Altaher Y, Shokryazdan P, Ebrahimi R, Ebrahimi M, Idrus Z, et al. Dietary supplementation of a mixture of Lactobacillus strains enhances performance of broiler chickens raised under heat stress conditions. Int J Biometeorol. (2016) 60:1099–110. doi: 10.1007/s00484-015-1103-x,

 146. Zulkifli I, Juriah K, Htin NN, Norazlina I. Response of heat-distressed broiler chickens to virginiamycin and probiotic-enhanced water acidifier (Acid-Pak 4-WayTM) supplementation, and early age feed restriction. Arch fur Geflugelkd. (2006) 70:119–26. Available online at: https://www.european-poultry-science.com/Response-of-heat-distressed-broiler-chickens-to-virginiamycin-and-probiotic-enhanced-water-acidifier-Acid-Pak-4-WaysupTMsup-supplementation-and-early-age-feed-restriction,QUlEPTQyMTY5MjcmTUlEPTE2MTAxNA.htm

 147. Tollba AAH, Sabry MM, Medani GG. Effect of microbial probiotics on the performance of broiler chicks under normal or heat stress conditions. 2 - Bacteria concentration or yeast culture Egypt. Poult Sci J. (2004) 24:351–67. Available online at: https://www.mendeley.com/catalogue/d49176f5-db18-3496-b59d-6962b1d43672/?utm_source=desktop&utm_medium=1.19.8&utm_campaign=open_catalog&userDocumentId=%7B9a293449-c6bd-4921-9274-20c701a5a90b%7D

 148. Sohail MU, Ijaz A, Yousaf MS, Ashraf K, Zaneb H, Aleem M, et al. Alleviation of cyclic heat stress in broilers by dietary supplementation of mannan-oligosaccharide and Lactobacillus-based probiotic: dynamics of cortisol, thyroid hormones, cholesterol, C-reactive protein, and humoral immunity. Poult Sci. (2010) 89:1934–8. doi: 10.3382/ps.2010-00751

 149. de Oliveira EP, Burini RC. High plasma uric acid concentration: causes and consequences. Diabetol Metab Syndr. (2012) 4:12. doi: 10.1186/1758-5996-4-12

 150. Hasan S, Hossain MM, Alam J, Bhuiyan MER. Benificial effects of probiotic on growth performance and hemato-biochemical parameters in broilers during heat stress. Int J Innov Appl Stud ISSN. (2015) 10:244–9. Available online at: https://www.semanticscholar.org/paper/Influences-of-prebiotic-on-growth-performance-and-Hasan-Hossain/3e1a9b73e675c80752f3ec81b50b7bada9214ac2?p2df

 151. Deng W, Dong XF, Tong JM, Zhang Q. The probiotic Bacillus licheniformis ameliorates heat stress-induced impairment of egg production, gut morphology, and intestinal mucosal immunity in laying hens. Poult Sci. (2012) 91:575–82. doi: 10.3382/ps.2010-01293

 152. Haldar S, Ghosh TK, Toshiwati, Bedford MR. Effects of yeast (Saccharomyces cerevisiae) and yeast protein concentrate on production performance of broiler chickens exposed to heat stress and challenged with Salmonella enteritidis. Anim Feed Sci Technol. (2011) 168:61–71. doi: 10.1016/j.anifeedsci.2011.03.007

 153. Rahimi S, Khaksefidi A. A comparison between the effects of a probiotic (Bioplus 2B) and an antibiotic (virginiamycin) on the performance of broiler chickens under heat stress condition. Iran J Vet Res. (2006) 7:23–8. Available online at: https://www.cabdirect.org/cabdirect/abstract/20063194510

 154. Sheridan BS, Lefrançois L. Intraepithelial lymphocytes: to serve and protect. Curr Gastroenterol Rep. (2010) 12:513–21. doi: 10.1007/s11894-010-0148-6

 155. Hasan S, Hossain M, Miah A, Bhuiyan M. Influences of prebiotic on growth performance and hemato-biochemical parameters in broiler during heat stress. Bangladesh J Vet Med. (2014) 12:121–5. doi: 10.3329/bjvm.v12i2.21273

 156. Lei K, Li YL, Yu DY, Rajput IR, Li WF. Influence of dietary inclusion of Bacillus licheniformis on laying performance, egg quality, antioxidant enzyme activities, and intestinal barrier function of laying hens. Poult Sci. (2013) 92:2389–95. doi: 10.3382/ps.2012-02686

 157. Asli MM, Shariatmadari F, Hosseini SA, Lotfollahian H. Effect of Probiotics, Yeast, Vitamin E and Vitamin C supplements on performance and immune response of laying hen during high environmental temperature. Int J Poult Sci. (2007) 6:895–900. doi: 10.3923/ijps.2007.895.900

 158. Huang Z, Mu C, Chen Y, Zhu Z, Chen C, Lan L, et al. Effects of dietary probiotic supplementation on LXRα and CYP7α1 gene expression, liver enzyme activities and fat metabolism in ducks. Br Poult Sci. (2015) 56:218–24. doi: 10.1080/00071668.2014.1000821

 159. Landy N, Kavyani A. Effects of using a multi-strain probiotic on performance, immune responses and cecal microflora composition in broiler chickens reared under cyclic heat stress condition. IJAS. (2013) 3:703–8. Available online at: https://www.semanticscholar.org/paper/Effects-of-Using-a-Multi-Strain-Probiotic-on-Immune-Landy-Kavyani/e674fb972adac50cf74304868f13734841d1cbb2

 160. Ashraf S, Zaneb H, Yousaf MS, Ijaz A, Sohail MU, Muti S, et al. Effect of dietary supplementation of prebiotics and probiotics on intestinal microarchitecture in broilers reared under cyclic heat stress. J Anim Physiol Anim Nutr. (2013) 97:68–73. doi: 10.1111/jpn.12041

 161. Song J, Xiao K, Ke YL, Jiao LF, Hu CH, Diao QY, et al. Effect of a probiotic mixture on intestinal microflora, morphology, and barrier integrity of broilers subjected to heat stress. Poult Sci. (2014) 93:581–8. doi: 10.3382/ps.2013-03455

 162. Sohail MU, Hume ME, Byrd JA, Nisbet DJ, Ijaz A, Sohail A, et al. Effect of supplementation of prebiotic mannan-oligosaccharides and probiotic mixture on growth performance of broilers subjected to chronic heat stress. Poult Sci. (2012) 91:2235–40. doi: 10.3382/ps.2012-02182

 163. Darwin CR. The Variation of Animals and Plants Under Domestication, Vol. 1, 1st ed. London, John Murray (1868). Available online at: http://darwin-online.org.uk/content/frameset?itemID=F877.1andviewtype=textandpageseq=1

 164. Duah KK, Essuman EK, Boadu VG, Olympio OS, Akwetey W. Comparative study of indigenous chickens on the basis of their health and performance. Poult Sci. (2020) 99:2286–92. doi: 10.1016/j.psj.2019.11.049

 165. Dong J, He C, Wang Z, Li Y, Li S, Tao L, et al. A novel deletion in KRT75L4 mediates the frizzle trait in a Chinese indigenous chicken. Genet Sel Evol. (2018) 50:68. doi: 10.1186/s12711-018-0441-7

 166. Patra BN, Bais RKS, Prasad RB, Singh BP. Performance of naked neck versus normally feathered coloured broilers for growth, carcass traits and blood biochemical parameters in tropical climate. Asian-Australasian J Anim Sci. (2002) 15:1776–83. doi: 10.5713/ajas.2002.1776

 167. Yunis R, Cahaner A. The effects of the naked neck (Na) and frizzle (F) genes on growth and meat yield of broilers and their interactions with ambient temperatures and potential growth rate. Poult Sci. (1999) 78:1347–52. doi: 10.1093/ps/78.10.1347

 168. Lin H, Jiao HC, Buyse J, Decuypere E. Strategies for preventing heat stress in poultry. Worlds Poult Sci J. (2006) 62:71–86. doi: 10.1079/WPS200585

 169. Cahaner A, Deeb N, And Gutman M. Effects of the plumage-reducing naked neck (na) gene on the performance of fast-growing broilers at normal and high ambient temperatures. Poult Sci. (1993) 72:767–75. doi: 10.3382/ps.0720767

 170. Raju MVLN, Shyam Sunder G, Chawak MM, Rama Rao SV, Sadagopan VR. Response of naked neck (Nana) and normal (nana) broiler chickens to dietary energy levels in a subtropical climate. Br Poult Sci. (2004) 45:186–93. doi: 10.1080/00071660410001715786

 171. Ouyang J, Xie L, Nie Q, Zeng H, Peng Z, Zhang D, et al. The effects of different sex-linked dwarf variations on Chinese native chickens. J Integr Agric. (2012) 11:1500–8. doi: 10.1016/S2095-3119(12)60150-6

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

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2021 Nawaz, Amoah, Leng, Zheng, Zhang and Zhang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



OPS/images/fvets-08-699081-t001.jpg
Probiotics name Poultry strain Findings which aided in countering heat stress. Country of Sample  References
Investigation size
Mult strains probiotics White layer (Hy-ine (1) Strengthens antibody titer against SRBC Iran 60 (157)
(L. plantarum, variety)
L. bulgaricus,
L. acidophilus,
L. rhamnosus,
B. bificum,
S. thermophiles)
Probiotic B. licheniformis Hy-line Brown (1) Enhanced mucosal immunity (lgA-secreting cells)in ~ China % (151)
heat-stressed chicken
(2) Overturned the increased levels of serum TNF-a and
IL-1 due to HS
(3) Improved IEL counts in the ileum and cecum of
heat-stressed chicken
(4) Counter the increased number of mast cells in the
fleumn and cecum of birds due to HS
Probiotic mixture (L. pentosus Broiler chicken (1) Improved antioxidant ability of liver in chicken raised ~ Malaysia 192 (145)
1TA23 and L. acidophilus [TA44) (Cobb-500) at high ambient temperature
(2) Improved the population of following bacteria in
heat-stressed chicken
a. Bifidobacteria
b. Lactobacills
c. Enterococcus
B. subtilis and B. licheniformis Duck (cherry valley (1) Augmented expression levels and enzyme actionof  China 750 (158)
pekin Ducks) LXRa,, which wheels the functional specialty of
splenic macrophages in ducks
Probiotic S. cerevisiae Broiler chicken (1) Enhanced the villus height in the duodenum of Turkey 175 (152)
(Cobb-400) broilers raised under HS
(2) Reduced the number of Saimonella and E. coli in
excreta and gut of HSed broflers
Probiotic mixture (L. acidophilus, L. Broler chicken (1) Improved antibody responses to Newcastle disease  Iran % (159)
casei, E. faecium, and B. bifidium)  (Ross-308) (ND), Bronchitis, and Gumboro disease in broilers
under cyclic HS
Lactobacillus sp. and yeast culture  Arbor Acres broller (1) Reduced the population of £. coff and Salmonelia 300 (147)
pullorum
(2) Lessened the pH of the intestine (duodenum,
jejunum, fleum, and cecum) in a heat-stressed broiler
Lactobacillus-based probiotics Broler chicken (1) Regained villus height and crypt depth in duodenum  Pakistan 250 (160)
(L. plantarum, (Hubbard) and ileum of a heat-stressed broiler
L. acidophius, (2) Maintained the activity of goblet cells
L. bulgaricus,
L. rhamnosus,
B. bificum,
S. thermophilus,
E. faccium,
A. oryzae, and
C. pintolopesi)
Probiotic B. sublilis Hubbard broiler (1) Improved the population of useful Intestinal bacteria  Jordan 480 (144)
(Lactobacillus and Bifidobacterium)
(2) Renovated the reduced vilus-crypt structure
Probiotic mixture (B. ficheniformis,  Ross-308 (1) Improved the viable counts of smallintestinal China 360 (161)
B. subtls, and L. plantarum) Lactobacilus and Bifidobacterium, and reduced
coliforms in a heat-stressed brofler
(2) Enhanced villus height in the jejunum and improved
intestinal barrier function
Lactobacillus-based probiotics Hubbard (1) Ameliorated the inflammatory response (decreased  Pakistan 250 (160)
(L. plantarum, excessive numbers of IEL) in l intestinal segments
L. acidophilus, of heat-stressed broilers
L. bulgaricus, (2) Increased the count of goblet cells in the intestine
L. thamnosus, (duodenum and jejunum) of heat-stressed broflers
B. bificum,
S. thermophius,
E. faecium,
A. oryzae, and
C. pintolopesi)
Probiotic mixture Ross 708 (1) Developed intestinal microarchitecture (vilus width United States 450 (162)
(L. plantarum, and surface area) of heat-stressed broilers
L. delbruecki

ssp. Bulgaricus,
L. acidophilus,

L. rhamnosus,
B. bifidum, and
S. salivarius ssp)

IEL, Intraepithelial lymphocyte.
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