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During incubation, the content of the egg is converted into a chick. This process is controlled by incubation conditions, which must meet the requirements of the chick embryo to obtain the best chick quality and maximum hatchability. Incubation temperature and light are the two main factors influencing embryo development and post-hatch performance. Because chicken embryos are poikilothermic, embryo metabolic development relies on the incubation temperature, which influences the use of egg nutrients and embryo development. Incubation temperature ranging between 37 and 38°C (typically 37.5–37.8°C) optimizes hatchability. However, the temperature inside the egg called “embryo temperature” is not equal to the incubator air temperature. Moreover, embryo temperature is not constant, depending on the balance between embryonic heat production and heat transfer between the eggshell and its environment. Recently, many studies have been conducted on eggshell and/or incubation temperature to meet the needs of the embryo and to understand the embryonic requirements. Numerous studies have also demonstrated that cyclic increases in incubation temperature during the critical period of incubation could induce adaptive responses and increase the thermotolerance of chickens without affecting hatchability. Although the commercial incubation procedure does not have a constant lighting component, light during incubation can modify embryo development, physiology, and post-hatch behavior indicated by lowering stress responses and fearful behavior and improving spatial abilities and cognitive functions of chicken. Light-induced changes may be attributed to hemispheric lateralization and the entrainment of circadian rhythms in the embryo before the hatching. There is also evidence that light affects embryonic melatonin rhythms associated with body temperature regulation. The authors’ preliminary findings suggest that combining light and cyclic higher eggshell temperatures during incubation increases pineal aralkylamine N-acetyltransferase, which is a rate-limiting enzyme for melatonin hormone production. Therefore, combining light and thermal manipulation during the incubation could be a new approach to improve the resistance of broilers to heat stress. This review aims to provide an overview of studies investigating temperature and light manipulations to improve embryonic development, post-hatch growth, and adaptive stress response in chickens.
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INTRODUCTION
Over the past 10 years, global chicken meat production has increased from 83 million tons in 2012 to 100.5 million in 2020. The projected global chicken meat production is 102 million tons in 2021 (Shahbandeh, 2021). Optimizing production is important to meet this demand for chicken meat. Incubation conditions seem the first step to maximizing meat production because commercial fast-growing broiler chickens spend 33%–38% of their total life period in the incubator environment. This period is 20.5%–26.5% for slow-growing broilers, which is aimed to reach the slaughter weight between 58–81 days. It is well known that incubation conditions, such as temperature, humidity, gas exchange, turning, and light have been shown to affect embryo growth and development. Among these factors, incubation temperature is the most critical. Overall, the related literature review shows that lighting during incubation is not crucial as other incubation factors do. Therefore, under commercial conditions, embryos are incubated in the dark. However, studies have shown that variations in incubation temperature and light affect hatchability, chick quality, and post-hatching growth. Indeed, variations in temperature and light occur during the natural incubation conditions; the mother hen leaves the nest an average of 8.2 times (ranging from 2 to 13) for food and water (Archer and Mench, 2014), or the hen rises to turn the eggs as a response to embryos’ call (Rogers, 1995). This environmental stimulus during the embryonic period may be useful to prepare the embryo for post-hatching life. In other words, these changes in temperature and light would contribute to the capacity of the chicken to combat the post-hatching environment through adaptive response. An adaptive response mechanism has three stages: 1) detecting threats, 2) responding physiologically or genetically to present threats, and 3) preparing the body for future threats. Epigenetic changes during embryogenesis in chicken embryos are the main mechanism for adaptation to the post-hatching environment. Therefore, incubation temperature and light may be a tool to improve the performance and adaptive response of birds. The present review will address the main effects of 1) incubation temperature and lighting on embryonic development and broiler growth, and 2) manipulations in temperature and lighting as a tool to improve the adaptive response of chicks to postnatal rearing conditions.
Temperature During Incubation
During the first 18 days of incubation, the chicken embryos show poikilothermic reaction; i.e., they are susceptible to changes in incubation temperature. A rise in incubation temperature increases embryonic heat production and eggshell temperature while lowered incubation temperature decreases heat production and eggshell temperature (Romjin et al., 1955; Whittow and Tazawa, 1991). Many researchers have tried to determine the optimum temperature for embryonic development. The minimum temperature for blastoderm development is reported as 27°C which does not result in embryonic differentiation to the point of vascular system establishment (Funk and Biellier, 1944). Early research suggests a 38.8–39.4°C and 39.4–40°C for the first and second half of the incubation, respectively, based on imitating the incubation temperature under natural conditions (Eycleshymer, 1907). Later, the requirement of an embryo with regards to optimum temperature is reported as 37.5–37.7°C, indicating temperatures higher than 38°C and lower than 37°C reduce hatchability (Ramanoff, 1936; Barott, 1937). Further studies state that incubator temperature should be fixed between 37.5 and 37.8°C from 1 to 18 days and between 36.1 and 37.2°C during the hatching period (Decuypere et al., 2001). In all these studies, suggested incubation temperatures are based on incubator temperature, however, the eggshell temperature (EST) which is a reflection of embryo temperature, is slightly different than the incubator temperature, being approximately 1–1.5°C higher than the surrounding air temperature at the egg level, due to the metabolic rate of the embryo (Tazawa and Rahn, 1987; Leksrisompong et al., 2007).
It is questionable whether these values are still valid for existing breeds and commercial strains, as the above-mentioned temperatures are based on studies from many years ago. Because selection for rapid growth and high body weight for broiler lines over the last 60 years has resulted in an increase in metabolic rate including the embryonic stage and affected embryonic development pattern (Druyan 2010), which might require reconsideration of incubation temperatures.
Effects of Incubation Temperature on Embryo Development and Post-hatching Growth
In recent years, relatively slight variations (1–1.5°C below or above) from optimum temperature have been extensively used to examine its effect on embryonic development (Lourens et al., 2005; Yalcin and Siegel, 2003; Yalcin et al., 2007; Oviedo-Rondon et al., 2008; van der Pol et al., 2014) (Tables 1, 2). Since the yolk is a primary nutrient source for a developing embryo, the utilization of yolk nutrients is one of the main factors affecting embryo development (Vieira and Moran, 1998; Wagt et al., 2020). High or low incubation temperatures from embryonic day (ED) 1 throughout hatch lower yolk sac utilization and absorption, affect the utilization of egg yolk nutrients by changing the expression of the yolk sac tissue genes, which are responsible for the absorption, and digestion of yolk lipids and peptides, glycogenesis, and gluconeogenesis, and in turn affect chick quality (Dayan et al., 2020). It was shown that both the high and low incubation temperatures (1.5°C below or above 37.8°C) decreased the expression of PEPT1 (a gene involved in oligopeptides uptake), ApoA1 (a gene involved in lipid metabolism), and altered glycogen stores of yolk sac tissue toward the hatch (Dayan et al., 2020).
TABLE 1 | Higher than optimum incubation temperature: Effects on the embryo’s physiology and post-hatch growth.
[image: Table 1]TABLE 2 | Lower than optimum incubation temperature: Effects on the embryo’s physiology and post-hatch growth.
[image: Table 2]It is known that embryos are more sensitive to moderate changes in EST during the early development period. Low (36–36.6°C) ESTs during the first week of incubation reduce hatchability, saleable chick number, and increase chick weight compared to control (37.5°C) (Joseph et al., 2006). Hamidu et al. (2018) demonstrated that low (36–36.5°C) EST when applied from ED15 to hatch, increased external pipping time and delayed hatching compared to control (37.5°C). Higher incubation temperatures than optimum affect embryo development in the opposite direction. Lin et al. (2017) observed that a high EST of 38.1°C during the first 5 days of incubation decreased day-old chick weight and residual yolk sac weight, increased chick length, which is one of the indicators of chick quality (Lin et al., 2017). However, another study showed a 38.6°C EST during the first 6 days of incubation did not affect chick and yolk sac weight but reduced hatchability (Avsar et al., 2022). High EST (38.9°C) applied at the second week of incubation, might accelerate embryo development, shorten the hatch window, and decrease incubation duration without affecting day-old chick weight (Wijnen et al., 2020a). Molenaar et al. (2010) and Maatjens et al. (2016) observed that when high EST is applied in the last week of incubation, chick quality decreases by shortening the time for the embryo to use yolk nutrients, reducing protein productivity and reducing egg yolk-free body mass. These differences in the literature suggest that 1) small changes in eggshell temperature may affect the absorption of egg nutrients, 2) sensitivity to temperatures lower or higher than the optimum incubation temperature also depends on the embryonic developmental stage, and 3) incubation temperature influences the metabolism and physiology of the embryo.
Indeed, lengthening or shortening of the incubation duration by lowered or increased incubation temperature, respectively, is a reflection of changes in the metabolic rate, physiological processes, and their regulation (Black and Burggren, 2004; Molenaar et al., 2010; Maatjens et al., 2016; Hamidu et al., 2018). During the late stages of embryogenesis where most of the physiological systems are under rapid maturation, continuous low temperatures decrease plasma triiodothyronine (T3) at the external pipping stage, plasma triglycerides, and non-esterified fatty acids (NEFA) at hatch, and increase plasma corticosterone level at hatch (Willemsen et al., 2010). All these changes link to a slower metabolic rate and prolonged internal pipping, which is mainly due to the energy needed to grow being directed into existing body tissue and a longer hatching process under low temperatures (Yalcin et al., 2012a). The slower metabolic rate of the embryo leads to higher O2 availability relative to metabolic rate and an increase in liver glycogen level (Willemsen et al., 2010; Yalcin et al., 2012a; Morita et al., 2016). The prolonged incubation duration together with the higher liver glycogen content and increased yolk sac use promotes embryonic development, resulting in heavier yolk-free body weight at hatch. Therefore, a lower EST than 37.5°C after ED14 may be considered to be beneficial for embryonic development (Maatjens et al., 2016). On the contrary, continuous high incubation temperatures accelerate the growth rate and increase the metabolic rate, oxygen, and energy demand of embryos. The accelerated growth increases glucose oxidation and depletes glycogen stores thus amino acids are used as metabolic fuel leading to lower protein retention (Maatjen et al., 2016). This results in lowered yolk-free body weight, organ weights, chick quality, and retarded lymphoid organs development. Furthermore, limited O2 availability in the last stages of incubation triggers the chicks to hatch (Mortola and Labbe, 2005; Piestun et al., 2009; Molenaar et al., 2013; Maatjen et al., 2016; Nangsuay et al., 2016). Contradictory to these results, higher hatchability, similar chick weight, and no differences in the morphology of the small intestine and nutrient transporters gene expression in chicks from optimum and high temperature were reported (Barri et al., 2011; de Barros Moreira Filho et al., 2015).
Aside from affecting embryonic development, incubation temperature also affects broiler growth. It is reported that early incubation temperatures changing from 36.5 to 39°C for a short period (2–3 days) have no effect on slaughter weight and feed conversion ratio however may affect muscle and bone development (Werner et al., 2010; Oksbjerg et al., 2019). Contradictory to these results, Janisch et al. (2015) reported that a 1–1.5°C higher EST than the optimum for 3 days during the first week of embryogenesis positively influenced body weight, but reduced meat quality while low temperature during the first 10 days of incubation reduced body and breast weights (Joseph et al., 2006). Several other reports showed that low or high (36.7 or 38.4–39°C, respectively) EST during the last week of embryogenesis lowered broiler growth rate, body weight, and feed intake at slaughter age, and increased mortality rate (Hulet et al., 2007; Sözcü and İpek, 2015; Wijnen et al., 2020b). It has been also shown that high incubation temperature (38–39°C) reduces tibia weight and increases relative asymmetry of leg weights in broiler chicks and turkey poults affecting growth plate maturation, which may have implications on tibial dyschondroplasia incidence (Yalcin et al., 2007; Oviedo-Rondon et al., 2008). Recently Muir and Groves (2018) concluded that slow start incubation from 37.2°C at ED1 reaching 37.8°C EST at ED13 resulted in higher hatchability with more late-hatched chicks and higher bone ash.
The effect of incubation temperature on the immune system has received limited attention. Nevertheless, studies on incubation temperature’s effect on the post-hatch immune system are inconsistent. No interference was found in the humoral immune response against NDV and IBDV vaccine in broilers incubated at 36.8 or 38.8°C from ED14 of incubation to hatch (Santin et al., 2003). High temperature (38.7°C) from ED10 to hatch was shown to delay thymus and bursa of Fabricius development (Oznurlu et al., 2010). Contradictory to this finding, de Barros Moreira Filho (2015) showed that high temperature from 10 days of incubation to hatch induced resistance to Salmonella infection and improved intestinal integrity and mucus production whereas low temperatures at the same period resulted in a smaller villus: crypt ratio. More recently, it has been reported that low incubation temperature (36.7°C) during the last week of incubation would negatively affect immune organ development and later-life resilience to necrotic enteritis (Wijnen et al., 2020b, 2021). However, the biological mechanism that underlies the association between incubation temperature and immunity is not entirely clear. A deeper understanding of the mechanism will be needed to understand incubation temperature’s impact on immunity, meriting further studies to clarify this issue.
These discrepancies in the literature on the effects of hatching temperature could explain that temperature interacts with other factors such as humidity, egg position, eggshell quality, egg weight, and breeder age (Yalcin et al., 2005; Hulet et al., 2007). Breeder age influence eggshell temperature, which can be explained by the higher heat production of embryos from heavier eggs. Comparing 30 and 60 weeks old breeders, Gualhanone et al. (2012) showed that day-old chick weight interacted with incubation temperature when eggs were exposed to 36.8, 37.8 and 38.8°C incubation temperatures. It should be noted that the developmental differences between the strains are also important in response to incubation temperature (Tables 1, 2). Differences between Ross and Cobb embryos have been demonstrated under the same incubation conditions (Druyan 2010; Tona et al., 2010). Therefore, the response of strains to early or late incubation temperature manipulations should be investigated under the same experimental conditions in further studies.
Incubation Temperature and Post-Hatching Adaptive Response
There is evidence that changes in temperature during embryonic development play an important role in the adaptive response of physiological systems such as thermoregulation (Nichelmann et al., 2001; Tzschentke and Batsa, 2002) and stress response (Loyau et al., 2015). It is a hypothesis that exposing embryos to short-term cyclic or constant lower or higher than optimum results in an epigenetic memory making the chicks more resistant to lower or higher ambient temperatures, respectively, during the postnatal period. This memory is linked to changes in hormonal profiles and alterations in gene activity and expression that control the thermoregulatory system (Nichelmann et al., 2001; Tzschentke and Batsa, 2002). In agreement with this hypothesis, higher or lower incubation temperatures during the critical periods of embryonic development may have a training effect and result in changes in the preoptic area of the anterior hypothalamus neurons (PO/AH) thereby controlling their temperature sensitivity (Tzschentke and Batsa, 2002). Neurons in the PO/AH lead to the secretion of corticotropin-releasing factor (CRF) and thyrotropin-releasing hormone (TRH) from the hypothalamus. CRF stimulates the synthesis and the secretion of ACTH, which in turn leads to the secretion of corticosterone from the adrenal. CRF also plays a role in the activation of TRH, which stimulates the release of thyroid-stimulating hormone (TSH) secretion. TSH, in turn, results in increased thyroid hormones, mainly T4 (thyroxine), synthesis then circulating T4 is converted into the biologically active form of T3 (Decuypere and Kühn, 1988). Because the hypothalamus-pituitary-thyroid (HPT) and hypothalamus-pituitary-adrenal (HPA) axes play an important role in the adaptation of an individual’s thermoregulation (Bohler et al., 2021; Ruuskanen et al., 2021), changes in incubation temperature during the development of these axes may improve the thermotolerance of birds and cause long-term effects on the responsiveness of these axes (Nichelmann and Tzschentke, 2003; Piestun et al., 2008). The available evidence clearly shows that the changes in incubation temperature have to be linked to the development of the HPT and HPA axes, which are formed between ED10.5 and 11.5 and ED14 and 15 days, respectively (de Groef et al., 2008).
Therefore, studies have addressed the timing of alterations in temperature, temperature level to which the embryo is exposed, and duration of exposure (Yahav et al., 2004a; Collin et al., 2005; Yalcin et al., 2005; Yalcin et al., 2008a; Piestun et al., 2008). The period from ED10 to ED16 of embryogenesis has been used to test the effect of daily 3–24 h, 1–2°C increases or decreases from an incubation temperature on thermotolerance and postnatal heat or cold stress response, respectively. The first studies were conducted to test the potential of adaptive body functions of day-old chicks after embryonic heat treatments. The studies revealed the potential of temperatures of 38.6 and 39.6°C for 3–12 h/d between ED10 to 18 had no effect on hatchability, decreased plasma T3 and corticosterone concentrations, oxygen consumption, heat production, and body temperature of day-old chicks (Yahav et al., 2004a; Yalcin et al., 2008a; Piestun et al., 2008; Tona et al., 2008; Piestun et al., 2009). These changes obtained in day-old chicks could be accepted as an indication of learning and long-lasting cell memory of broiler chickens (Yahav and Tzschentke, 2006; Yalcin et al., 2008b; Halle and Tzschentke, 2011). Indeed, embryonic heat-treated broilers show a lower body temperature, T3, and corticosterone levels when expose to post-natal chronic or acute heat stress indicating an improvement in heat tolerance and adaptive stress response linking to prenatal plasticity in the HPT and HPA axes (Yahav et al., 2004b; Yalcin et al., 2008b). The reduced body temperature and T3 under heat challenge lead to a reduction in metabolic rate, which, in turn, lowers susceptibility during heat exposure. On the other hand, Collin et al. (2007) reported that a 39.5°C for 3 h/d during early (ED8 to 10) and late (ED16 to 18) embryogenesis failed to improve long-term thermotolerance in chickens at 6 weeks indicating that the timing and duration of incubation temperature manipulation are critical parameters to set adaptive response.
The effect of temperature manipulation during the embryogenesis on post-hatch adaptive stress response may be explained by mRNA expression of genes involving stress response, thermoregulatory and metabolic programming (Loyau et al., 2016). Comparing thermally manipulated and control chicks under heat stress conditions showed that 759 genes were differently expressed (Loyau et al., 2016). Heat shock proteins (Hsp) involve in the biochemical response of cells to cope with heat stress and maintain the integrity of structural proteins. Al-Zghoul. (2018) found an increase in Hsp70 expression in heat-stressed chickens exposed to incubation temperatures of 38.5–39.5°C for 18 h from ED12 to 18 of embryogenesis. Because heat stress causes inhibition of protein synthesis, an increase in Hsp70 mRNA expression in heat-stressed chickens would be associated with an improvement in protecting cell integrity in chickens (Al-Zghoul et al., 2013). It was also shown that genes coding components of the CRF signaling pathway change their expression in the hypothalamus in thermally manipulated chicks providing evidence that thermal manipulation involves epigenetic changes in the hypothalamus (David et al., 2019).
The studies also attempt to evaluate lower incubation temperature and its effect on adaptive response. Shinder et al. (2011) reported that at ED18 and 19, a short (30 min) cold exposure (15°C) did not affect hatchability, but improved growth rate and reduced ascites incidence. Similarly, 6 h/d low temperature (36.6°C) from ED10 to 18 induced an increase in body weight and a better cold tolerance in broilers when subsequently subjected to cold and resulted in long-term changes in antioxidant defenses and energy metabolism in broilers (Aksit et al., 2013; Loyau et al., 2014). Alterations in antioxidant and fatty acid profiles in brain and liver tissues of embryos and day-old chicks were found at an incubation temperature of 36.6°C, 6 h/d from ED10 to 18. These changes may be accepted as coordinated adaptive reactions of chicks (Yalcin et al., 2012b).
Several studies have also shown that high temperatures promote muscle development and myoblast proliferation in day-old chicks. Piestun et al. (2009) showed that during late-term embryogenesis (ED16 to 18), high incubation temperature (39.5°C for 3 or 6 h daily) increased muscle insulin-like growth factor I (IGF-I), which enhanced muscle cell proliferation and differentiation, and myofibers diameter. However, as the study was ended at post-hatch d 13, if muscle development was affected at slaughter age is unknown. Our recent finding (Yalcin et al., 2021) suggested that exposing Ross308 and Cobb embryos to 38.8°C between ED10 and 14 resulted in heavier body weight and higher insulin-like factor-1 (IGF-I) expression, and larger fiber area in breast muscle of broiler chickens at slaughter age. However, breast muscle properties of strains, i.e., expression of vascular endothelial growth factor-A and myogenin, carcass part yields, pH24, and water holding capacity of strains responded differently to temperature manipulation (Yalcin et al., 2021). This result supports further evidence that the effect of thermal manipulation is strongly related to the strain.
In conclusion, the studies showed that the effect of incubation temperature during embryonic development is undoubtedly crucial for adaptive stress response. Incubation temperature could program the chick to construct traits in adaptation to a post-hatching temperature environment. This response may be explained by the imprinted epigenetic changes in the hypothalamus that trigger a response when the chickens are again exposed to high or low temperatures (David et al., 2019). The studies tell us that interaction among timing, duration, and temperature shape embryo development and adaptive stress response. Indeed, Wilsterman et al. (2015) showed that exposure of embryos to slightly higher temperatures either early, late, or whole incubation period had an impact on the pattern of glucocorticoid release, however, the specific response of chicks and broilers varied with the timing. Currently, it is unclear how the sensitive period and temperature interact with the other environmental factors in the incubator and maternal factors (strain, breeder age, egg composition, and egg quality). Nevertheless, during the second half of incubation, the embryo may be more sensitive to temperature manipulation signals to have a long-lasting post-hatch effect. Further studies are needed to understand the effect of epigenetic modifications during embryonic development, their molecular mechanisms underlying these changes, and their long-term effects.
Light During Incubation
Light controls many of the physiological and behavioral processes including growth, reproduction, and migration in birds. Recent studies have had evidence showing that exposure of developing embryos to light could play an important role in hatching performance and embryonic growth rate, reduce stress responses to the post-hatch environment, and ultimately affect the performance, behavior, and welfare of birds. Therefore, providing light during incubation has been introduced as a practice to improve hatching and post-hatching performance, and adaptive response to the post-hatch environment (Shafey and Al-Mohsen, 2002; Özkan et al., 2012a,b; Rozenboim et al., 2004; Archer and Mench, 2013; Archer, 2017; Tainika and Bayraktar, 2021).
The effect of light on these processes is mediated through the detection of light by photoreceptors located in the retina of the eye and extraretinal photoreceptors in the pineal, and hypothalamus (Kumar, 2015; Kuenzel et al., 2015). Embryonic eye development starts with differentiation in the neurons of optic vesicles on ED2, the connection between retinal ganglion cells and optic chiasma is completed by ED4 (Rogers, 1995). By ED14, embryonic eye growth completes, light-sensing proteins (opsins) in photoreceptor cells, which respond to different wavelengths of the light spectrum (Perez et al., 2019) are expressed (Bruhn and Cepko, 1996). The visual system of chicken embryos becomes functional at ED18 (Rogers, 1995). Besides the embryonic visual system, the formation of primary structures of pineal on ED3 is important because it is the main secretory organ for the melatonin hormone, which is one of the candidates to explain the effect of lighted incubation on embryonic development and to maintain entrainment of rhythmic biological functions of embryos by photoperiod (Hill et al., 2004; Zeman et al., 2004). It has been shown that embryonic pineal melatonin rhythm is established between ED16-18 (Zeman et al., 1992; 2004; Csernus et al., 2007). It is accepted that the rhythmic production of melatonin, which is produced in vertebrates at high concentrations during the night and at low concentrations during the day, is transferred to the endocrine system (Cassone et al., 2009). The effect of light on embryonic growth might be also related to the activation of the HPT and HPA coinciding with the rhythmic melatonin hormone production (Tong et al., 2018) and the somatotropic axis, i.e., growth hormone (GH), IGF-1 (Bai et al., 2019; Wang et al., 2017; Zhang et al., 2014). The role of light stimulation during incubation on the somatotropic and stress systems is given in Figure 1. Light-induced muscle proliferation is linked to blood IGF-1 (Halevy et al., 2006), which is mainly secreted by the liver in association with melatonin (Wang et al., 2014) and upregulation of genes involving myogenic regulatory factors (MYF5, MYOD), paired box 7, which maintain adult skeletal satellite cell integrity, and muscle-specific regulatory factor 4 through the melatonin hormone (Bai et al., 2019).
[image: Figure 1]FIGURE 1 | Role of light stimulation during incubation on embryonic muscle growth and stress. HPA, Hypothalamus-Pituitary-Adrenal; GHRH, Growth Hormone-Releasing Hormone; CRH, Corticotrophin Releasing-Hormone; ACTH, Adrenocorticotropic Hormone; TRH, Thyrotropin-Releasing Hormone; GH, Growth Hormone; IGF-1, Insulin-like Growth Factor-1.
While many of the early research reported that photostimulation accelerates embryo development and usually shortens the incubation time in chickens (Siegel et al., 1969; Walter and Voitle, 1972), it has been speculated that the heating effect of light could have been confounded by the effect of light thus observed effects may partly be related to increased embryo temperature (Gold and Kalb, 1976). Therefore, studies considered the confounding effect of heat from light sources and tried to minimize it either by changing the light source from incandescent to light emitted diode (LED) known to have lower heat production, using intermittent lighting (Rozenboim et al., 2004; 2013; Dishon et al., 2017) or photoperiodic lighting schedules with fluorescent lamps instead of continuous lighting (Archer et al., 2009; Özkan et al., 2012a) or combined LED and photoperiod (Archer, 2016, 2017; Van der Pol et al., 2017, 2019; Güz et al., 2021). Many of them have confirmed optimum incubation temperature by measuring eggshell temperature and adjusting incubator temperature accordingly (Rozenboim et al., 2004; Özkan et al., 2012a; Van der Pol et al., 2017, 2019; Güz et al., 2021).
Therefore, photostimulation at early or late periods of embryonic development has been investigated in the studies to see if lighted incubation affected embryo development and hatching performance. However, not only the critical periods but also the duration of photostimulation per day and characteristics of light including intensity, color (wavelength), and color temperature of light are important. In this part of the paper, we review the effect of light provision during incubation on embryo development and post-hatching growth, and the post-hatching adaptive response of chicken, taking into account timing, duration, color, and intensity.
Effects of Light on Embryo Development and Post-Hatching Growth
Chicken embryos can detect color differences. Several studies have been conducted to investigate the effect of light color on embryonic development and post-hatching growth. As compared with blue light and dark incubation conditions, continuous green light during the incubation enhances the post-hatch body weight of male broilers, improves the feed conversion ratio, increases the satellite cell mitotic activity of the pectoral muscle with upregulation of MyoD, myogenin, and myostatin mRNA expression in late embryos and newly hatched chicks, and muscle growth with no noticeable changes in chemical composition and meat quality characteristics (Zhang et al., 2012, 2014). Providing green light intermittently (light/dark cycles of 15 min) during incubation also increases hypothalamic expression of growth hormone-releasing hormone (GHRH), liver growth hormone receptor (GHR), levels (Dishon et al., 2017). Dishon et al. (2021) compared intermittent green light stimulation throughout the incubation (ED0-21) with different stimulation periods starting from ED15, 16, and 18 of incubation and observed a higher expression of the somatotropic axis genes in all lighting treatments than in dark incubation. They suggested that photostimulation of embryos only last 3 days of incubation would be enough to stimulate the somatotropic axis since photostimulation of embryos from ED18 to hatch resulted in similar expression levels of hypothalamic GHRH, liver GHR, and IGF-1 genes and GH plasma levels to the positive control group (lighted from E0-21). These findings deserve to be investigated further to establish a clear conclusion regarding the critical period for the growth-stimulating effect of green light on broiler embryos.
The pineal gland of the chick embryo shows a selective sensitivity to different wavelengths (color) of the light spectrum. Drozdova et al. (2019) found a higher biosynthesis of pineal melatonin during scotophase under red (632 nm) and white (a peak wavelength of 448 nm) lighting compared to green (517 nm) and blue (463 nm). Further research from the same group showed that red-lighted incubation resulted in higher body weights in broiler chicks during the post-hatch rapid growth phase (from 18 to 21 days) compared to blue light (Drozdova et al., 2021). Although there is not much information regarding the effect of red light on the somatotropic axis, increased growth of chicks incubated under red light may be related to the early entrainment of melatonin rhythms. Not only the light color but also the color temperature of polychromatic light would be important. The cool white LED (5,000 K) containing more blue wavelength could improve weight gain and reduce stress and fear responses of broilers as compared to warm white LED (2,700 K) (Archer, 2018). However, it was shown that incubation in warm and cold white light did not significantly influence embryonic melatonin biosynthesis in the pineal, T3, T4, corticosterone hormone levels in the blood and immune system-related genes, presenilin-1, and avian betadefensin1, in the duodenum and bursa Fabricius (Drozdova et al., 2020). The authors concluded that selective effects of distinct wavelengths on embryonic and post-embryonic development might be more profound than the effects of change in the color temperature of polychromatic light.
Limited research is available regarding the effect of lighting during the incubation on bone growth and leg health, and the results are not consistent. An improvement in leg health of broilers was found using a 16L:8D (van der Pol et al., 2017) or 12L:12D (van der Pol et al., 2019) at 500 lux white LED lighting compared to continuous light or dark incubation conditions. However, in a recent study, Güz et al. (2021) did not find any significant effect of green LED light on tibia bone parameters when they used a 16L:8D photoschedule. It is necessary to clearly reveal whether the light color will affect bone development.
The intensity of light has also been the subject of interest. In a recent study, Yu et al. (2018) reported that 50 lux intensity using green LED light (16L:8D) increased chick length, weight, hatchability, testosterone, and T4 hormone levels and reduced hatching time, i.e., an earlier peak of 12 h, in newly hatched chicks compared to 150 and 300 lux. However, the transmission of light into the eggs significantly varies with the level of pigmentation and the conductance of eggshells (Shafey et al., 2002). Shafey et al. (2002) compared the spectral absorption rate of pigmented and non-pigmented eggshells over the wavelength range between 200 to 1,100 nm. Brown pigmented eggs had a max absorption rate of 99.96% for the near-ultraviolet region (wavelength ≤380 nm) of the light spectrum, which was higher than the absorption rate of 99.88% for long wavelengths, about 1,075 nm at the near-infrared region. Shafey et al. (2005) also compared two high intensities changing between 1,430–2,080 and 900–1,380 lux using a green fluorescent light source and different pigmentation levels of brown eggshells. They reported that higher intensity resulted in higher embryo mortality and decreased hatchability in light pigmented brown eggshells while there was no negative effect for dark drown eggshells (Shafey et al., 2005). Yu et al. (2016) confirmed that eggshell pigmentation and the region of the eggshell determine the transmission of visible wavelength (380–780 nm) into the egg. These findings support the hypothesis that the evolution of eggshell pigmentation for selective transmission of different wavelengths into eggs is based on preventing the negative effects of ultraviolet and infrared light (Maurer et al., 2011). Maurer et al. (2015) supplied further evidence from wild birds and concluded “avian eggshell properties, including eggshell structure and pigmentation, which are consistent with an evolutionary pressure to both enhance and protect embryo development”. Huth and Archer (2015) investigated the effect of eggshell pigmentation on the spectrum of light filtered by eggshell. They reported that the spectrum of light filtered by white eggshells was quite similar to unfiltered light; however brown eggshells produced a redder spectrum as evidence of higher transmission of long wavelengths into eggs. Recently Güz et al. (2021) observed that a green LED light source with a peak light spectrum of 522 nm yielded a 536 nm peak in the light spectrum after passing through the eggshell of broiler breeder eggs showing that pigmented eggshell may change wavelength reach into the egg. It is clear that the wavelength and intensity of light that reach the embryo are limited by eggshell properties. It should also be considered that the lux unit is based on human spectral sensitivity. Bird’s spectral sensitivity to short (400–480) and long (580–700) wavelengths is higher than humans due to their additional cone type of photoreceptor cells (Lewis and Morris, 2006). Therefore, eggshell properties, wavelength, and intensity of light both outside and inside of the egg should be taken into account in future studies to have a finely tuned lighting program for broiler embryos.
Since melatonin modulates immune responses in poultry (Markowska et al., 2017), the effect of lighted incubation on broiler immunity has also been studied. Both 12L:12D or 24L:0D white LED (5,000 K) lighting with 250 lux intensity significantly increases NDV titers and spleen weights of 35 days old Hubbard broilers compared to dark incubation (Yameen et al., 2020). A stronger humoral immune response to keyhole limpet hemocyanin (KLH), which is a non-pathogenic protein antigen and often used to assess humoral immunity, was reported in broilers compared to dark incubation when eggs were exposed to a 12L:12D white fluorescent light (Archer and Mench, 2013). Drozdova et al. (2020) further investigated if the color temperature of white light affects the immune system and did not find any significant effect on the expression of genes involved in innate immune responses in the duodenum and bursa of Fabricius. However, distinct effects of different wavelengths have been reported. A study comparing red, blue, and white light and the dark incubation conditions reveals that red-lighted incubation (12L:12D) increased total IgG concentration in broiler chicks on d 14 post-hatch and bursa weights of 35 days old male broilers as compared to blue light (Li et al., 2021a). A 12L:12D red-lighting also upregulates the expression of avian β-defensin-1 (AvBD-1) in the duodenum of day-old chicks and IL-6 in two-week-old broiler chickens compare with blue LED light (Kankova et al., 2022). AvBD-1 is an important peptide for innate immunity in birds (Cuperus et al., 2013; Zhang et al., 2016), and IL-6 acts as both pro-inflammatory and anti-inflammatory, stimulating intestinal epithelial proliferation and repair (Fasina et al., 2008). Thus this finding might be interesting to further research. In a recent study effect of green light (250 lux, 24L:0D) was investigated by Ibrahim et al. (2021). They supplied promising information regarding the activation of the Nuclear factor kappa-light-chain-enhancer of activated B-cell (NF-kB) and sirtuin signaling pathways in 18 days of embryos and acute phase response signaling (APR) pathway in 7 days old chicks in comparison to dark incubation (Ibrahim et al., 2021). NF-kB pathways control the regulation of various biological responses including immune responses and inflammation (Dabek et al., 2010), sirtuins influence many metabolic, inflammation, and stress responses (Zhao et al., 2020), and APR is responsible for early defense responses to the stressors (Cray et al., 2009). Thus, activation of all these pathways provides evidence for an improvement in the immune response of birds when the light is provided during incubation. These results suggest that the light source and light wavelength may be responsible for the different effects on the immune response.
The available data presented above show that there is no accepted standard lighting procedure in the incubator until now. It can be concluded that green light is the most effective for stimulating growth and improving muscle development. However, homogenous intensity should be kept with lower intensities inside the incubator. Red light may have a more profound effect on innate immunity while green light may affect the immune and inflammation, and stress response of broiler chicks. However, further research is needed underlying mechanism for early immune programming and interactions between the light source and embryo development.
Incubation Light and Post-hatching Adaptive Response
The effect of light on post-hatch adaptive response has also been evaluated. One of the approaches to how light affects the post-hatch stress response is that light induces changes in lateralized brain functions through asymmetrical development of visual pathways in chickens (Rogers, 1995). The right eye is known to be important in examining and assessment of potential danger (Rogers et al., 2004). The embryo has a position within the egg so light can only affect the embryo’s right eye and the development of the left hemisphere of the brain. The left hemisphere of the brain is associated with the control of behavior with focused attention and positive emotions, e.g., specialized for visual discrimination tasks, food-searching, and vocal production and recognition. It is a hypothesis that the role of the left hemisphere in positive cognitive bias may be important in the post-hatch adaptation of broilers to stressful environments (Rogers, 2010). Lighted incubation may lead to behavioral changes via lateralized brain functions, i.g., discrimination of non-food material, a more specialized visual perception of fearful stimuli resulting in long-term reductions in fearfulness in broilers (Sui and Rose, 1997; Rogers et al., 2004, Rogers et al., 2007; Dayıoğlu and Özkan, 2012; Rogers, 2012; Archer and Mench, 2017). Thus lateralized birds may habituate more quickly and react less strongly to stressors than non-lateralized birds. This result is confirmed by Chiandetti et al. (2013). They showed that the chicks incubated under the lighted incubation either first or last 3 days of incubation would ignore the barrier, in a test environment, on the way to access the food source compare to chicks incubated in the dark. The authors further suggested that lighting during the first 3 days of incubation where pineal starts to form may result in cerebral lateralization through the molecular changes in the neural system (Chiandetti et al., 2013). This finding supplies evidence that lighted incubation let to a better spatial ability to deal with the different stimuli at the same time such as “finding food and being vigilant to predators” (Rogers et al., 2004). Available research evidence is quite clear and it could be expected that incubation lighting might be a promising tool to decrease the fear and stress responses of birds by affecting the development of visual lateralization in brain functions.
The second approach to how light affects the post-hatch stress response is via melatonin, which also acts as a modulator of the stress response by inhibiting the HPA axis (Figure 1) thus preventing peripheral elevation of corticosterone hormone (Saito et al., 2005). There are indications that a cyclic light/dark schedule during incubation can modify the chick’s post-hatch stress response and may improve the growth and welfare of broilers through better adaptation of birds to a novel environment as compared to dark incubation (Archer et al., 2009; Özkan et al., 2012a, Özkan et al., 2012b; Archer and Mench, 2013). Day-old chicks incubated under 16L:8D using white light during the entire incubation period show lower corticosterone response to 8 h holding at the hatchery compared with dark incubated ones (Özkan et al., 2012a). The effect of lighting on stress response seems long-lasting as reported by Archer and Mench (2013); a 12:L12D lighting schedule results in a lower corticosterone response of broilers to post-hatch 1 h of crating stress at 3 weeks compared to dark or 1L:23D, 6L:18D lighting (Archer and Mench, 2013). Moreover, 12L:12D incubation is found to reduce asymmetry and heterophil-to-lymphocyte ratio in broilers at slaughter age (Archer et al., 2009; Riaz et al., 2021) as compared to dark incubation. It can be concluded that proving light during the incubation has stress reliving effect on birds through early entrainment of melatonin rhythm that alters the HPA axis and could allow the birds to better adapt to post-hatch stressors (Rasmussen et al., 2003; Özkan et al., 2012a, Özkan et al., 2012b; Archer and Mench, 2013).
In mammals and chickens, melatonin is known to regulate daily and seasonal cycles in physiological systems including the thermoregulatory system (Pevet and Challet, 2011). Although this review aims the literature on broilers, Saarela and Heldmaier (1987) reported that short photoperiod (8L:16D) gives a cue for the thermoregulatory system and increases cold tolerance of quails in natural conditions maintaining body temperatures via increased heat production. They used long and short photoperiods to investigate cold tolerance of quails with or without melatonin administration and concluded that cold tolerance of quails is related to melatonin hormone; because daily melatonin administration results in improved cold resistance even under long photoperiod conditions (16L:8D) as evidence of pineal control of cold acclimation in quails. Melatonin administration by feed reduces body temperature (Zeman et al., 2001) and thus has been used as a management tool to combat heat stress in broilers (Gharib et al., 2008). There is not much information regarding the effect of lighted incubation on the body temperature of broiler chicks. However, there may be a regulatory effect of photoperiodic lighting during incubation on the thermoregulatory responses of broiler chicks. Hill et al. (2004) investigated if light cues during embryonic development may entrain the circadian rhythm of body temperatures in chicks. When embryos are exposed to a 12L:12D photostimulation either through ED0-21 or between ED13-15 and ED16-18, a circadian rhythm of the chick’s body temperature, which is higher in the morning than in the afternoon, has been recorded during the first 5 days post-hatch. Authors suggested that photoperiodic light cues after ED13 can establish the circadian rhythm of body temperature in chicks. However, they did not note a difference in body temperatures of lighted and dark incubated chicks (Hill et al., 2004). Recently higher and less fluctuating cloacal temperatures at 36 h post-hatch have been observed in chicks incubated under white, red, or blue light as compared to dark incubation suggesting a better thermoregulatory ability (Li et al., 2021a). This finding may associate with a higher feed consumption of birds resulting from a better orientation to feeders due to lateralized brain functions (Rogers et al., 2007; Chiandetti et al., 2013). In any way, lighted incubation may have positive effects on the development of thermoregulation in broiler chicks. It is not known if wavelength would affect embryonic heat production and post-hatch body temperature of broilers. The only information is from Li et al. (2021b) who reported that compared to white, blue light, or darkness, red-light reduced air cell temperatures, measured in the incubator between ED8-18, suggesting red light had a more prominent effect on the energy metabolism of embryos (Li et al., 2021b). The authors speculated that red light may increase embryonic melatonin production, which in turn reduces air cell temperature as compared to white or blue light. Considering that the suppressive effect of white and green light on pineal melatonin production is stronger than red light (Zawilska, et al., 1995) this finding deserves to be further investigated.
Simultaneous Light and Temperature Manipulations
Since melatonin administration is used as a tool to improve thermoregulation of birds at both low and high ambient temperatures due to its anti-stress properties, it would be interesting to examine together the effect of incubation temperature and light on improving the adaptive response of broilers to ambient temperature. Because the effect of light and temperature are mostly together in nature it seems logical to consider both effects with possible interactions. It is known that temperature is an effective zeitgeber in poikilotherms to entrain pineal melatonin rhythm (Underwood and Calaban, 1987). Barret and Takahaski (1995) first showed that a rapid increase in the temperature of the pineal cell culture of chicken significantly reduces pineal melatonin release, as does light. Therefore, it was concluded that light and temperature may eventually have similar effects on the chick pineal circadian clock. Further studies revealed that rhythmic temperature changes in the environment could entrain pineal melatonin production rhythm in broiler embryos, i.e., incubation of broiler breeder eggs on ED19 at a low temperature of 4°C for 1 h during the scotophase resulted in an increased melatonin content in the pineal gland of embryos but not during the photophase (Zeman et al., 2004). In addition, under dark conditions using a daily temperature rhythm of 33°C for 8 h from ED13 to hatch, they suggested that pineal and plasma melatonin was higher during the low-temperature period indicating that embryo pineal melatonin rhythm was shaped by temperature rhythms in the incubation environment (Zeman et al., 2004). Therefore, it would be interesting to examine the effect of lighting in combination with temperature manipulation to elucidate the epigenetic thermal adaptation phenomenon. Earlier studies indicate that a 39°C for 3 h/d between ED16-18 with green LED lighting from ED6 to hatch stimulates the proliferation of myoblasts (Stojanovic et al., 2014; Kanacki et al., 2017). However, there has been no study investigating the effect of both light and temperature applied at the same period of incubation on hatch-related traits, growth performance, and adaptive responses of broilers at post-hatch. Our recent findings suggest that both a 38.5°C EST for 6 h/d between ED11-16 together with a 16L:8D photostimulation increased chick length and liver weight which may be a positive approach towards better chick quality (Shah and Özkan, 2022), increased the resilience of broilers to acute heat stress at slaughter age (Shah, 2021). Furthermore, our study supplied the first evidence that cyclic thermal manipulation could modify melatonin hormone synthesis via pineal aralkylamine N-acetyltransferase (AANAT) expression, which is a rate-limiting enzyme of melatonin (Shah, 2021). Indeed, day-old chicks exposed to cyclic high incubation temperature showed lower pineal AANAT expression but pineal AANAT expression increased at both hatch and slaughter age when lighting combined with temperature manipulation. These results may indicate that melatonin may also have a long-lasting positive role in the development of thermal adaptation to a post-hatching environment. Therefore, we may speculate that thermal manipulation together with a photoperiodic lighting schedule is worthy to study further regarding combining both improving growth and adaptive response to acute high temperature.
CONCLUSION
Our understanding of the effects of incubation conditions has become more important in recent years. This review aims to summarize and discuss studies on the effects of manipulations in incubation temperature and light on embryonic development, post-hatching growth, and adaptive response. Studies can provide a general understanding that temperature and light manipulations in the incubator can have a positive effect on growth and adaptation to the post-hatching environment by reducing the stress response. It seems that broiler embryos are sensitive to constant high temperatures during the second half of the incubation, which can be partly explained by the increased heat production. The increment in embryonic heat production may depend on breeder age/egg weight and/or incubation conditions. Therefore, differences among studies reported here might be due to the maternal effects, i.e., differences in energy demands between embryos from young and old breeders which should be taken into account to optimize hatching conditions. In addition, different commercial broiler strains are used in different studies, which may also affect the results. On the other hand, short-time cyclic high- or low-temperature manipulations during the second half of incubation alter the temperature tolerance capacity of broiler chickens by epigenetic changes affecting the metabolic process, threshold response to temperature, and stress-responsive pathways. It can be concluded that short-term temperature manipulations would modify the response of broiler chickens to post-hatch temperature adaptation. The details of this mechanism on how these changes interact with other incubation conditions remain to be elucidated.
Available information suggests that intermittent lighting with short periods of light and dark stimulates muscle growth both in embryo and broiler chicks post-hatching. Monochromatic green light seems superior to other wavelengths in the stimulation of muscle growth however, the effects on leg health of broilers are contradictory and need further investigation. Recent findings regarding the effects of lighted incubation on the immune system bring us new research questions on the interactions between different wavelengths and critical times for the development of the physiological systems of embryos. However, when considering adaptive responses of broilers to the post-hatching environment including stress, immune, behavioral, physiological, and fear-related responses associated with either entrainment of melatonin rhythm in embryos or development of cerebral lateralization through the visual pathways at late stages and/or early molecular changes during the pineal formation, photoperiodic lighting may be more promising to stimulate adaptive responses of broilers. However, there is still a need to investigate connections between retinal and extraretinal photoreceptors and activation of somatotropic, HPT, and HPA axes before implementation of embryonic lighting programs for broilers on a commercial scale. Further, we may speculate that thermal manipulation together with a photoperiodic lighting schedule is worthy to study regarding combining both improving growth and adaptive responses of broiler chickens to post-hatching temperature challenges.
AUTHOR CONTRIBUTIONS
SY and SÖ contributed to the design of the whole manuscript, the interpretation of the literature, and reviewing before submission for its content. TS helped to draft the manuscript. All authors read and approved the final manuscript.
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.
REFERENCES
 Aksit A., Yalcin S., Siegel P. B., Yenisey Ç., Ozdemir D., Ozkan S. (2013). Broilers Respond to Cooler Ambient Temperatures after Temperature Acclimation during Incubation and Early Postnatal Age. J. Appl. Poult. Res. 22, 298–307. 
 Al-Zhgoul M.-B., Dalab A. E. S., Ababneh M. M., Jawasreh K. I., Busadah K. A. A., Ismail Z. B. (2013). Thermal Manipulation during Chicken Embryogenesis Results in Enhanced Hsp70 Gene Expression and the Acquisition of Thermotolerance. Res. Vet. Sci. 95, 502–507. doi:10.1016/j.rvsc.2013.05.012
 Al-Zhgoul M. B. (2018). Thermal Manipulation during Broiler Chicken Embryogenesis Increases Basal mRNA Levels and Alters Production Dynamics of Heat Shock Proteins 70 and 60 and Heat Shock Factors 3 and 4 during thermal Stress. Poult. Sci. 97, 3661–3670.
 Almeida V. R., Morita V. S., Sgavioli S., Vicentini T. I., Castiblanco D. M. C., Boleli I. C. (2016). Incubation Temperature Manipulation during Fetal Development Reduces Adiposity of Broiler Hatchlings. Poult. Sci. 95, 316–324. doi:10.3382/ps/pev327
 Archer G. S. (2018). Effect of Two Different Commercially Available white Light LED Fixtures on Broiler Hatchability and Chick Quality. Br. Poult. Sci. 59, 251–255. doi:10.1080/00071668.2018.1436160
 Archer G. S. (2017). Exposing Broiler Eggs to green, Red and white Light during Incubation. Animal 11, 1203–1209. doi:10.1017/s1751731117000143
 Archer G. S., Mench J. A. (2017). Exposing Avian Embryos to Light Affects post-hatch Anti-predator Fear Responses. Appl. Anim. Behav. Sci. 186, 80–84. doi:10.1016/j.applanim.2016.10.014
 Archer G. S., Mench J. A. (2014). Natural Incubation Patterns and the Effects of Exposing Eggs to Light at Various Times during Incubation on post-hatch Fear and Stress Responses in Broiler (Meat) Chickens. Appl. Anim. Behav. Sci. 152, 44–51. doi:10.1016/j.applanim.2013.12.010
 Archer G. S., Mench J. A. (2013). The Effects of Light Stimulation during Incubation on Indicators of Stress Susceptibility in Broilers. Poult. Sci. 92, 3103–3108. doi:10.3382/ps.2013-03434
 Archer G. S., Shivaprasad H. L., Mench J. A. (2009). Effect of Providing Light during Incubation on the Health, Productivity, and Behavior of Broiler Chickens. Poult. Sci. 88, 29–37. doi:10.3382/ps.2008-00221
 Avşar K. O., Uçar A., Özlü S., Elibol O. (2022). Effect of High Eggshell Temperature during the Early Period of Incubation on Hatchability, hatch Time, Residual Yolk, and First-Week Broiler Performance1. J. Appl. Poult. Res. 31, 100197. doi:10.1016/j.japr.2021.100197
 Bai X., Cao J., Dong Y., Wang Z., Chen Y. (2019). Melatonin Mediates Monochromatic green Light-Induced Satellite Cell Proliferation and Muscle Growth in Chick Embryo. PLoS ONE 14, e0216392. doi:10.1371/journal.pone.0216392
 Barott H. G. (1937). Effect of Temperature, Humidity, and Other Factors on hatch of Hens' Eggs and on Energy Metabolism of Chick Embryos. Technical Bulletin . Washington, DC: US Department of Agriculture, U.S. Government Printing Office, 553. 
 Barrett R., Takahashi J. (1995). Temperature Compensation and Temperature Entrainment of the Chick Pineal Cell Circadian Clock. J. Neurosci. 15, 5681–5692. doi:10.1523/jneurosci.15-08-05681.1995
 Barri A., Honaker C. F., Sottosanti J. R., Hulet R. M., McElroy A. P. (2011). Effect of Incubation Temperature on Nutrient Transporters and Small Intestine Morphology of Broiler Chickens. Poult. Sci. 90, 118–125. doi:10.3382/ps.2010-00908
 Black J. L., Burggren W. W. (2004). Acclimation to Hypothermic Incubation in Developing Chicken embryos(Gallus domesticus). J. Exp. Biol. 207, 1543–1552. doi:10.1242/jeb.00909
 Bohler M. W., Chowdhury V. S., Cline M. A., Gilbert E. R. (2021). Heat Stress Responses in Birds: A Review of the Neural Components. Biology (Basel) 10, 1–17. doi:10.3390/biology10111095
 Bruhn S., Cepko C. (1996). Development of the Pattern of Photoreceptors in the Chick Retina. J. Neurosci. 16, 1430–1439. doi:10.1523/jneurosci.16-04-01430.1996
 Cassone V. M., Paulose J. K., Whitfield-Rucker M. G., Peters J. L. (2009). Time's Arrow Flies like a Bird: Two Paradoxes for Avian Circadian Biology. Gen. Comp. Endocrinol. 163, 109–116. doi:10.1016/j.ygcen.2009.01.003
 Chiandetti C., Galliussi J., Andrew R. J., Vallortigara G. (2013). Early-light embryonic stimulation suggests a second route, via gene activation, to cerebral lateralization in vertebrates. Sci. Rep. 3, 17–19. doi:10.1038/srep02701
 Collin A., Berri C., Tesseraud S., Rodón F. E. R., Skiba-Cassy S. Crochet S., et al. (2007). Effects of thermal Manipulation during Early and Late Embryogenesis on Thermotolerance and Breast Muscle Characteristics in Broiler Chickens. Poult. Sci. 86, 795–800. doi:10.1093/ps/86.5.795
 Collin A., Picard M., Yahav S. (2005). The Effect of Duration of thermal Manipulation during Broiler Chick Embryogenesis on Body Weight and Body Temperature of post-hatched Chicks. Anim. Res. 54, 105–111. doi:10.1051/animres:2005004
 Cray C., Zaias J., Altman N. H. (2009). Acute Phase Response in Animals: A Review. Comp. Med. 59, 517–526.
 Csernus V. J., Nagy A. D., Faluhelyi N. (2007). Development of the Rhythmic Melatonin Secretion in the Embryonic Chicken Pineal Gland. Gen. Comp. Endocrinol. 152, 148–153. doi:10.1016/j.ygcen.2007.01.008
 Cuperus T., Coorens M., van Dijk A., Haagsman H. P. (2013). Avian Host Defense Peptides. Dev. Comp. Immunol. 41, 352–369. doi:10.1016/j.dci.2013.04.019
 David S. A., Vitorino Carvalho A., Gimonnet C., Brionne A., Hennequet-Antier C. Piégu B., et al. (2019). Thermal Manipulation during Embryogenesis Impacts H3K4me3 and H3K27me3 Histone marks in Chicken Hypothalamus. Front. Genet. 10, 1207–1211. doi:10.3389/fgene.2019.01207
 Dayan J., Reicher N., Melkman-Zehavi T., Uni Z. (2020). Incubation Temperature Affects Yolk Utilization through Changes in Expression of Yolk Sac Tissue Functional Genes. Poult. Sci. 99, 6128–6138. doi:10.1016/j.psj.2020.07.037
 Dayıoglu M., Özkan S. (2012). “The Effect of Lighted Incubation on Growth and Pecking Behavior in Broiler Chickens,” in Proceedings of 46th Congress of the International Society for Applied Ethology (Vienna, 31, 109. 
 Da̧bek J., Kułach A., Ga̧sior Z. (2010). Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B Cells (NF-Κb): A New Potential Therapeutic Target in Atherosclerosis?Pharmacol. Rep. 62, 778–783.
 De Barros Moreira Filho A. L., de Oliveira C. J. B., de Oliveira H. B., Campos D. B., Guerra R. R. Costa F. G. P., et al. (2015). High Incubation Temperature and Threonine Dietary Level Improve Ileum Response against post-hatch Salmonella Enteritidis Inoculation in Broiler Chicks. PLoS ONE 10 (7), e0131474. doi:10.1371/journal.pone.0131474
 De Groef B., Grommen S. V. H., Darras V. M. (2008). The Chicken Embryo as a Model for Developmental Endocrinology: Development of the Thyrotropic, Corticotropic, and Somatotropic Axes. Mol. Cell Endocrinol. 293, 17–24. doi:10.1016/j.mce.2008.06.002
 De Oliveira J. E., Uni Z., Ferket P. R. (2008). Important Metabolic Pathways in Poultry Embryos Prior to hatch. World's Poult. Sci. J. 64, 488–499. doi:10.1017/s0043933908000160
 Decuypere E., Kühn E. R. (1988). Thyroid Hormone Physiology in Galliformes: Age and Strain Related Changes in Physiological Control. Am. Zool 28, 401–415. doi:10.1093/icb/28.2.401
 Decuypere E., Tona K., Bruggeman V., Bamelis F. (2001). The Day-Old Chick: A Crucial Hinge between Breeders and Broilers. Worlds. Poult. Sci. J. 57, 135–138. doi:10.1079/wps20010010
 Dishon L., Avital-Cohen N., Malamud D., Heiblum R., Druyan S. Porter T. E., et al. (2017). In-ovo Monochromatic green Light Photostimulation Enhances Embryonic Somatotropic axis Activity. Poult. Sci. 96, 1884–1890. doi:10.3382/ps/pew489
 Dishon L., Avital-Cohen N., Zaguri S., Bartman J., Heiblum R. Druyan S., et al. (2021). In Ovo green Light Photostimulation during the Late Incubation Stage Affects Somatotropic axis Activity. Poult. Sci. 100, 467–473. doi:10.1016/j.psj.2020.10.031
 Drozdová A., Kaňková Z., Bilčík B., Zeman M. (2021). Prenatal Effects of Red and Blue Light on Physiological and Behavioural Parameters of Broiler Chickens. Czech J. Anim. Sci. 2021, 412–419. 
 Drozdova A., Kankova Z., Zeman M. (2020). Effect of Cold and Warm white Light on Selected Endocrine and Immune Parameters of Broiler Embryos and Hatchlings. Czech J. Anim. Sci. 65, 431–441. doi:10.17221/230/2020-cjas
 Drozdova A., Okuliarova M., Zeman M. (2019). The Effect of Different Wavelengths of Light during Incubation on the Development of Rhythmic Pineal Melatonin Biosynthesis in Chick Embryos. Animal 13, 1635–1640. doi:10.1017/s1751731118003695
 Druyan S. (2010). The Effects of Genetic Line (Broilers vs. Layers) on Embryo Development. Poult. Sci. 89, 1457–1467. doi:10.3382/ps.2009-00304
 Eycleshymer A. C. (1907). Some Observations and Experiments on the Natural and Artificial Incubation of the Egg of the Common Fowl. Biol. Bull. 12, 360–374. doi:10.2307/1535688
 Fasina Y. O., Holt P. S., Moran E. T., Moore R. W., Conner D. E., McKee S. R. (2008). Intestinal Cytokine Response of Commercial Source Broiler Chicks to salmonella Typhimurium Infection. Poult. Sci. 87, 1335–1346. doi:10.3382/ps.2007-00526
 Funk E. M., Biellier H. V. (1944). The Minimum Temperature for Embryonic Development in the Domestic Fowl (Gallus domesticus). Poult. Sci. 23, 538–540. doi:10.3382/ps.0230538
 Gharib H. B. A., Desoky A. A., El-Menawey M. A., Abbas A. O., Hendricks G. L., Mashaly M. M. (2008). The Role of Photoperiod and Melatonin on Alleviation of the Negative Impact of Heat Stress on Broilers. Int. J. Poult. Sci. 7, 749–756. doi:10.3923/ijps.2008.749.756
 Gold P. S., Kalb J. (1976). Secondary Heating of Chicken Eggs Exposed to Light during Incubation. Poult. Sci. 55, 34–39. doi:10.3382/ps.0550034
 Gualhanone A., Furlan R., Fernandez-Alarcon M., Macari M. (2012). Effect of Breeder Age on Eggshell Thickness, Surface Temperature, Hatchability and Chick Weigh. Rev. Bras. Cienc. Avic. 14, 09–14. doi:10.1590/s1516-635x2012000100002
 Güz B. C., Molenaar R., de Jong I. C., Kemp B., van Krimpen M., van den Brand H. (2021). Effects of green Light Emitting Diode Light during Incubation and Dietary Organic Macro and Trace Minerals during Rearing on Tibia Characteristics of Broiler Chickens at slaughter Age. Poult. Sci. 100, 707–720. doi:10.1016/j.psj.2020.11.042
 Halevy O., Yahav S., Rozenboim I. (2006). Enhancement of Meat Production by Environmental Manipulations in Embryo and Young Broilers. Worlds Poult. Sci. J. 62, 485–497. doi:10.1079/wps2005110
 Halle I., Tzschentke B. (2011). Influence of Temperature Manipulation during the Last 4 Days of Incubation on Hatching Results, post-hatching Performance and Adaptability to Warm Growing Conditions in Broiler Chickens. J. Poult. Sci. 48, 97–105. doi:10.2141/jpsa.010056
 Hamidu J. A., Torres C. A., Johnson-Dahl M. L., Korver D. R. (2018). Physiological Response of Broiler Embryos to Different Incubator Temperature Profiles and Maternal Flock Age during Incubation. 1. Embryonic Metabolism and Day-Old Chick Quality. Poult. Sci. 97, 2934–2946. doi:10.3382/ps/pey089
 Hill W. L., Bassi K. L., Bonaventura L., Sacus J. E. (2004). Prehatch Entrainment of Circadian Rhythms in the Domestic Chick Using Different Light Regimes. Dev. Psychobiol. 45, 174–186. doi:10.1002/dev.20021
 Hulet R., Gladys G., Hill D., Meijerhof R., El-Shiekh T. (2007). Influence of Egg Shell Embryonic Incubation Temperature and Broiler Breeder Flock Age on Posthatch Growth Performance and Carcass Characteristics. Poult. Sci. 86, 408–412. doi:10.1093/ps/86.2.408
 Huth J. C., Archer G. S. (2015). Effects of LED lighting during incubation on layer and broiler hatchability, chick quality, stress susceptibility and post-hatch growth. Poult. Sci. 94, 3052–3058. doi:10.3382/ps/pev298
 Ibrahim M. M. A., Nelson J. R., Archer G. S., Athrey G. (2021). Effects of Monochromatic Lighting during Incubation and Vaccination on the Splenic Transcriptome Profiles of Chicken. Front. Genet. 12, 1273–1291. doi:10.3389/fgene.2021.628041
 Janisch S., Sharifi A. R., Wicke M., Krischek C. (2015). Changing the Incubation Temperature during Embryonic Myogenesis Influences the Weight Performance and Meat Quality of Male and Female Broilers. Poult. Sci. 94, 2581–2588. doi:10.3382/ps/pev239
 Janke O., Tzschentke B., Höchel J., Nichelmann M. (2002). Metabolic Responses of Chicken and Muscovy Duck Embryos to High Incubation Temperatures. Comp. Biochem. Physiol. A: Mol. Integr. Physiol. 131, 741–750. doi:10.1016/s1095-6433(02)00012-0
 Joseph N. S., Lourens A., Moran E. T. (2006). The Effects of Suboptimal Eggshell Temperature during Incubation on Broiler Chick Quality, Live Performance, and Further Processing Yield. Poult. Sci. 85, 932–938. doi:10.1093/ps/85.5.932
 Kanački Z., Stojanović S., Žikić D., Ušćebrka G. (2017). Influence of Modified Incubation Factors on Meat Characteristics of Broiler Chickens. Anim. Sci. Pap. Rep. 1, 87–96. 
 Kankova Z., Drozdova A., Hodova V., Zeman M. (2022). Effect of Blue and Red Monochromatic Light during Incubation on the Early post-embryonic Development of Immune Responses in Broiler Chicken. Br. Poult. Sci. , 1–7. doi:10.1080/00071668.2022.2042485
 Kuenzel W. J., Kang S. W., Zhou Z. J. (2015). Exploring Avian Deep-Brain Photoreceptors and Their Role in Activating the Neuroendocrine Regulation of Gonadal Development. Poult. Sci. 94, 786–798. doi:10.3382/ps.2014-04370
 Kumar S. V. (2015). Avian Photoreceptors and Their Role in the Regulation of Daily and Seasonal Physiology. Gen.Comp. Endocrinol. 220, 13–22.
 Leksrisompong N., Romero-Sanchez H., Plumstead P. W., Brannan K. E., Brake J. (2007). Broiler Incubation. 1. Effect of Elevated Temperature during Late Incubation on Body Weight and Organs of Chicks. Poult. Sci. 86, 2685–2691. doi:10.3382/ps.2007-00170
 Lewis P. D., Morrison T. R. (2006). Physiology and Mechanisms in Poultry Lighting, the Theory and Practice. UK: HampshireNorthcot, 7–16. 
 Li X., Rathgeber B., McLean N., MacIsaac J. (2021b). Providing Colored Photoperiodic Light Stimulation during Incubation: 1. Effects on Embryo Development and Hatching Performance in Broiler Hatching Eggs. Poult. Sci. 100, 101336. doi:10.1016/j.psj.2021.101336
 Li X., Rathgeber B., McLean N., MacIsaac J. (2021a). Providing Colored Photoperiodic Light Stimulation during Incubation: 2. Effects on Early Posthatch Growth, Immune Response, and Production Performance in Broiler Chickens. Poult. Sci. 100, 101328. doi:10.1016/j.psj.2021.101328
 Lin Y. M., Druyan S., Yahav S., Brake J. (2017). Thermal Treatments Prior to and during the Beginning of Incubation Affects Development of the Broiler Embryo and Yolk Sac Membranes, and Live Performance and Carcass Characteristics. Poult. Sci. 96, 1939–1947. doi:10.3382/ps/pew467
 Lourens A., Van Den Brand H., Meijerhof R., Kemp B. (2005). Effect of Eggshell Temperature during Incubation on Embryo Development, Hatchability, and Posthatch Development. Poult. Sci. 84, 914–920. doi:10.1093/ps/84.6.914
 Loyau T., Hennequet-Antier C., Coustham V., Berri C., Leduc M. Crochet S., et al. (2016). Thermal Manipulation of the Chicken Embryo Triggers Differential Gene Expression in Response to a Later Heat challenge. BMC Genomics 17, 329. doi:10.1186/s12864-016-2661-y
 Loyau T., Bedrani L., Berri C., Métayer-Coustard S., Praud C. Coustham V., et al. (2015). Cyclic Variations in Incubation Conditions Induce Adaptive Responses to Later Heat Exposure in Chickens: a Review. Animal 9, 76–85. doi:10.1017/s1751731114001931
 Loyau T., Collin A., Yenisey Ç., Crochet S., Siegel P. B. Akşit M., et al. (2014). Exposure of Embryos to Cyclically Cold Incubation Temperatures Durably Affects Energy Metabolism and Antioxidant Pathways in Broiler Chickens. Poult. Sci. 93, 2078–2086. doi:10.3382/ps.2014-03881
 Maatjens C. M., Van Roovert-Reijrink I. A. M., Van Den Anker I., Engel B., van der Pol C. W. Kemp B., et al. (2016). Temperature during the Last Week of Incubation. II. Effects on First Week Broiler Development and Performance. Poult. Sci. 95, 2136–2144. doi:10.3382/ps/pew145
 Markowska M., Majewski P. M., Skwarło-Sońta K. (2017). Avian Biological Clock - Immune System Relationship. Dev. Comp. Immunol. 66, 130–138. doi:10.1016/j.dci.2016.05.017
 Maurer G., Portugal S. J., Cassey P. (2011). Review: an Embryo's Eye View of Avian Eggshell Pigmentation. J. Avian Biol. 42, 494–504. doi:10.1111/j.1600-048x.2011.05368.x
 Maurer G., Portugal S. J., Hauber M. E., Mikšík I., Russell D. G. D., Cassey P. (2015). First Light for Avian Embryos: Eggshell Thickness and Pigmentation Mediate Variation in Development and UV Exposure in Wild Bird Eggs. Funct. Ecol. 29, 209–218. doi:10.1111/1365-2435.12314
 Molenaar R., Meijerhof R., van den Anker I., Heetkamp M. J. W., van den Borne J. J. G. C. Kemp B., et al. (2010). Effect of Eggshell Temperature and Oxygen Concentration on Survival Rate and Nutrient Utilization in Chicken Embryos. Poult. Sci. 89, 2010–2021. doi:10.3382/ps.2010-00787
 Molenaar R., van den Borne J. J. G. C., Hazejager E., Kristensen N. B., Heetkamp M. J. W. Meijerhof R., et al. (2013). High Environmental Temperature Increases Glucose Requirement in the Developing Chicken Embryo. PLoS ONE 8 (4), e59637. doi:10.1371/journal.pone.0059637
 Morita V. S., Almeida V. R., Matos Junior J. B., Vicentini T. I., van den Brand H., Boleli I. C. (2016). Incubation Temperature Alters thermal Preference and Response to Heat Stress of Broiler Chickens along the Rearing Phase. Poult. Sci. 95, 1795–1804. doi:10.3382/ps/pew071
 Mortola J. P., Labbè K. (2005). Oxygen Consumption of the Chicken Embryo: Interaction between Temperature and Oxygenation. Respir. Physiol. Neurobiol. 146, 97–106. doi:10.1016/j.resp.2004.10.011
 Muir W. I., Groves P. J. (2018). Incubation and hatch Management: Consequences for Bone Mineralization in Cobb 500 Meat Chickens. Animal 12, 794–801. doi:10.1017/s1751731117001938
 Nakane Y., Shinomiya A., Ota W., Ikegami K., Shimmura T. Higashi S.-I., et al. (2019). Action Spectrum for Photoperiodic Control of Thyroid-Stimulating Hormone in Japanese Quail (Coturnix japonica). PLoS ONE 14 (9), e0222106. doi:10.1371/journal.pone.0222106
 Nangsuay A., Meijerhof R., Van Den Anker I., Heetkamp M. J. W., Morita V. D. S. Kemp B., et al. (2016). Effects of Breeder Age, Broiler Strain, and Eggshell Temperature on Development and Physiological Status of Embryos and Hatchlings. Poult. Sci. 95, 1666–1679. doi:10.3382/ps/pew080
 Nichelmann M., Janke O., Tzschentke B. (2001). Efficiency of Thermoregulation in Precocial Avian Species during the Prenatal Period. J. Therm. Biol. 26, 273–280. doi:10.1016/s0306-4565(01)00030-4
 Nichelmann M., Tzschentke B. (2003). Efficiency of Thermoregulatory Control Elements in Precocial Poultry Embryos. Avian Poul. Biolog. Rev. 14, 1–19. doi:10.3184/147020603783727030
 Oksbjerg N., Jensen J. A., Petersen J. S., Therkildsen M. (2019). Incubation Temperature Effects on Muscle Weight, Bone Strength and Walking Ability in Broilers. Workshop of the Incubation and Fertility Research Group (IFRG/WPSA Working Group 6) and the Perinatal Development and Fundamental Physiology Group (PDP/WPSA Working Group 12) of the European Branches of the World. Tours, France: s Poultry Science Association, 28–30. 
 Oviedo-Rondón E. O., Small J., Wineland M. J., Christensen V. L., Mozdziak P. S. Koci M. D., et al. (2008). Broiler Embryo Bone Development Is Influenced by Incubator Temperature, Oxygen Concentration and Eggshell Conductance at the Plateau Stage in Oxygen Consumption. Br. Poult. Sci. 49, 666–676. doi:10.1080/00071660802433149
 Özkan S., Yalçın S., Babacanoğlu E., Kozanoğlu H., Karadaş F., Uysal S. (2012a). Photoperiodic Lighting (16 Hours of Light:8 Hours of Dark) Programs during Incubation: 1. Effects on Growth and Circadian Physiological Traits of Embryos and Early Stress Response of Broiler Chickens. Poult. Sci. 91, 2912–2921. 
 Özkan S., Yalçın S., Babacanoğlu E., Uysal S., Karadaş F., Kozanoğlu H. (2012b). Photoperiodic Lighting (16 Hours of Light:8 Hours of Dark) Programs during Incubation: 2. Effects on Early Posthatching Growth, Blood Physiology, and Production Performance in Broiler Chickens in Relation to Posthatching Lighting Programs. Poult. Sci. 91, 2922–2930. 
 Oznurlu Y., Celik I., Telatar T., Sur E. (2010). Histochemical and Histological Evaluations of the Effects of High Incubation Temperature on Embryonic Development of Thymus and Bursa of Fabricius in Broiler Chickens. Br. Poult. Sci. 51, 43–51. doi:10.1080/00071660903575558
 Pérez J. H., Tolla E., Dunn I. C., Meddle S. L., Stevenson T. J. (2019). A Comparative Perspective on Extra-retinal Photoreception. Trends Endocrinol. Metab. 30, 39–53. doi:10.1016/j.tem.2018.10.005
 Pevet P., Challet E. (2011). Melatonin: Both Master Clock Output and Internal Time-Giver in the Circadian Clocks Network. J. Physiology-Paris 105, 170–182. doi:10.1016/j.jphysparis.2011.07.001
 Piestun Y., Halevy O., Yahav S. (2009). Thermal Manipulations of Broiler Embryos-The Effect on Thermoregulation and Development during Embryogenesis. Poult. Sci. 88, 2677–2688. doi:10.3382/ps.2009-00231
 Piestun Y., Shinder D., Ruzal M., Halevy O., Yahav S. (2008). The Effect of thermal Manipulations during the Development of the Thyroid and Adrenal Axes on in-hatch and post-hatch Thermoregulation. J. Therm. Biol. 33, 413–418. doi:10.1016/j.jtherbio.2008.06.007
 Rasmussen D. D., Marck B. T., Boldt B. M., Yellon S. M., Matsumoto A. M. (2003). Suppression of Hypothalamic Pro-opiomelanocortin (POMC) Gene Expression by Daily Melatonin Supplementation in Aging Rats. J. Pineal Res. 34, 127–133. doi:10.1034/j.1600-079x.2003.00019.x
 Riaz M. F., Mahmud A., Hussain J., Rehman A. u., Usman M. Mehmood S., et al. (2021). Impact of Light Stimulation during Incubation on Hatching Traits and post-hatch Performance of Commercial Broilers. Trop. Anim. Health Prod. 53. doi:10.1007/s11250-020-02492-3
 Rogers L. J., Zucca P., Vallortigara G. (2004). Advantages of Having a Lateralized Brain. Proc. Biol. Sci. 271, S420–S422. doi:10.1098/rsbl.2004.0200
 Rogers L. J., Andrew R. J., Johnston A. N. B. (2007). Light Experience and the Development of Behavioural Lateralization in Chicks. Behav. Brain Res. 177, 61–69. doi:10.1016/j.bbr.2006.11.002
 Rogers L. J. (1995). “Environmental Influences on Development of the Embryo,” in The Development of Brain and Behaviour in the Chicken (Wallingford, Oxon: CABI Publishing), 41–70. 
 Rogers L. J. (2010). Relevance of Brain and Behavioural Lateralization to Animal Welfare. Appl. Anim. Behav. Sci. 127, 1–11. doi:10.1016/j.applanim.2010.06.008
 Rogers L. J. (2012). The Two Hemispheres of the Avian Brain: Their Differing Roles in Perceptual Processing and the Expression of Behavior. J. Ornithol. 153, 61–74. doi:10.1007/s10336-011-0769-z
 Romanoff A. L. (1936). Effects of Different Temperatures in the Incubator on the Prenatal and Postnatal Development of the Chick. Poult. Sci. 15, 311–315. doi:10.3382/ps.0150311
 Romijn C., Lokhorst W., Rozenboim I., El Halawani M. E., Kashash Y. Piestun Y., et al. (2013). Chemical Heat Regulation in the Chick Embryo. Poult. Sci. 34, 214–219. doi:10.3382/ps.0340649
 Rozenboim I., Piestun Y., Mobarkey N., Barak M., Hoyzman A., Halevy O. (2004). Monochromatic Light Stimuli during Embryogenesis Enhance Embryo Development and Posthatch Growth. Poult. Sci. 83, 1413–1419. doi:10.1093/ps/83.8.1413
 Ruuskanen S., Hsu B.-Y., Nord A. (2021). Endocrinology of Thermoregulation in Birds in a Changing Climate. Mol. Cell Endocrinol. 519, 111088. doi:10.1016/j.mce.2020.111088
 Saarela S., Heldmaier G. (1987). Effect of Photoperiod and Melatonin on Cold Resistance, Thermoregulation and Shivering/nonshivering Thermogenesis in Japanese Quail. J. Comp. Physiol. B 157, 625–633. doi:10.1007/bf00700983
 Saito S., Tachibana T., Choi Y., Denbow D., Furuse M. (2005). ICV Melatonin Reduces Acute Stress Responses in Neonatal Chicks. Behav. Brain Res. 165, 197–203. doi:10.1016/j.bbr.2005.06.045
 Santin E., Maiorka A., Polveiro W. J. C., Paulillo A. C., Laurentiz A. C. Borges S. A., et al. (2003). Effect of Environmental Temperature on Immune Response of Broilers. J. Appl. Poult. Res. 12, 247–250. doi:10.1093/japr/12.3.247
 S. Archer G. (2016). Spectrum of white Light during Incubation: Warm vs Cool white LED Lighting. Int. J. Poult. Sci. 15, 343–348. doi:10.3923/ijps.2016.343.348
 Shafey T. M., Al-Batshan H. A., Ghannam M. M., Al-Ayed M. S. (2005). Effect of Intensity of Eggshell Pigment and Illuminated Incubation on Hatchability of Brown Eggs. Br. Poult. Sci. 46, 190–198. doi:10.1080/00071660500065789
 Shafey T. M., Al-Mohsen T. H., Al-Sobayel A. A., Al-Hassan M. J., Ghnnam M. M. (2002). Effects of Eggshell Pigmentation and Egg Size on the Spectral Properties and Characteristics of Eggshell of Meat and Layer Breeder Eggs. Asian Australas. J. Anim. Sci. 15, 297–302. doi:10.5713/ajas.2002.297
 Shafey T. M., Al-Mohsen T. H. (2002). Embryonic Growth, Hatching Time and Hatchability Performance of Meat Breeder Eggs Incubated under Continuous green Light. Asian Australas. J. Anim. Sci. 15, 1702–1707. doi:10.5713/ajas.2002.1702
 Shah T., Özkan S. (2022). Effect of thermal Manipulation and Photoperiodic Lighting during Incubation on Hatching Performance, Hatching Time, Chick Quality and Organ Growth. Ege Univ. Ziraat Fak. Derg. 59, 17–31.doi:10.20289/zfdergi
 Shah T. (2021). The Effect of Lighting and Temperature Acclimation during Embryo Stage on Growth, Stress and Welfare of Broiler Chickens. Izmir, Turkey: PhD Thesis. Ege University. Available at: https://tez.yok.gov.tr/UlusalTezMerkezi/giris.jsp. 
 Shahbandeh M. (2021). Global Chicken Meat Production 2012-2021. Available at:https://www.statista. com/statistics/237637/production-of-poultry-meat-worldwide-since-1990/(Accessed April, 2021). 
 Shinder D., Ruzal M., Giloh M., Druyan S., Piestun Y., Yahav S. (2011). Improvement of Cold Resistance and Performance of Broilers by Acute Cold Exposure during Late Embryogenesis. Poult. Sci. 90, 633–641. doi:10.3382/ps.2010-01089
 Siegel P. B., Isakson S. T., Coleman F. N., Huffman B. J. (1969). Photoacceleration of Development in Chick Embryos. Comp. Biochem. Physiol. 28, 753–758. doi:10.1016/0010-406x(69)92108-2
 Sozcu A., Ipek A. (2015). Acute and Chronic Eggshell Temperature Manipulations during Hatching Term Influence Hatchability, Broiler Performance, and Ascites Incidence. Poult. Sci. 94, 319–327. doi:10.3382/ps/peu080
 Stojanovic S., Zikic D., Kanacki Z., Ajdzanovic V., Milosevic V., Uscebrka G. (2014). The Effects of thermal and Light Exposure on the Development of Broiler Chicken Leg Musculature. Arch. Biol. Sci. Belgra 66, 1547–1557. doi:10.2298/abs1404547s
 Sui N., Rose S. P. R. (1997). Effects of Dark Rearing and Light Exposure on Memory for a Passive Avoidance Task in Day-Old Chicks. Neurobiol. Learn. Mem. 68, 230–238. doi:10.1006/nlme.1997.3788
 Tainika B., Bayraktar Ö. H. (2021). Lighted Incubation: Embryonic Development, Hatchability and Hatching Quality of Broiler Chicks, World's Poult. Sci. J. 78, 161, 178. doi:10.1080/00439339.2022.1988806
 Tazawa H., Rahn H. (1987). Temperature and Metabolism of Chick Embryos and Hatchlings after Prolonged Cooling. J. Exp. Zool. Suppl. 1, 105–109.
 Tona K., Onagbesan O., Bruggeman V., Collin A., Berri C. Duclos M. J., et al. (2008). Effects of Heat Conditioning at D 16 to 18 of Incubation or during Early Broiler Rearing on Embryo Physiology, post-hatch Growth Performance, and Heat Tolerance. Arch. für Geflügelkunde. Sonderheft 72, 75–83. 
 Tona K., Onagbesan O. M., Kamers B., Everaert N., Bruggeman V., Decuypere E. (2010). Comparison of Cobb and Ross Strains in Embryo Physiology and Chick Juvenile Growth. Poult. Sci. 89, 1677–1683. doi:10.3382/ps.2009-00386
 Tong Q., McGonnell I. M., Demmers T. G. M., Roulston N., Bergoug H. Romanini C. E., et al. (2018). Effect of a Photoperiodic green Light Programme during Incubation on Embryo Development and hatch Process. Animal 12, 765–773. doi:10.1017/s1751731117002117
 Tzschentke B., Basta D. (2002). Early Development of Neuronal Hypothalamic Thermosensitivity in Birds: Influence of Epigenetic Temperature Adaptation. Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 131, 825–832. doi:10.1016/s1095-6433(02)00020-x
 Underwood H., Calaban M. (1987). Pineal Melatonin Rhythms in the Lizard Anolis carolinensis: I. Response to Light and Temperature Cycles. J. Biol. Rhythms 2, 179–193. doi:10.1177/074873048700200302
 Van Der Pol C. W., Van Roovert-Reijrink I. A. M., Maatjens C. M., Gussekloo S. W. S., Kranenbarg S. Wijnen J., et al. (2019). Light-dark Rhythms during Incubation of Broiler Chicken Embryos and Their Effects on Embryonic and post hatch Leg Bone Development. PLoS One 14, e0210886–17. doi:10.1371/journal.pone.0210886
 Van Der Pol C. W., Van Roovert-Reijrink I. A. M., Maatjens C. M., Van Den Anker I., Kemp B., Van Den Brand H. (2014). Effect of Eggshell Temperature throughout Incubation on Broiler Hatchling Leg Bone Development. Poult. Sci. 93, 2878–2883. doi:10.3382/ps.2014-04210
 van der Polvan Roovert-Reijrinka C. W. I. A. M., van Roovert-Reijrink I. A. M., Aalbers G., Kemp B., van den Brand H. (2017). Incubation Lighting Schedules and Their Interaction with Matched or Mismatched post hatch Lighting Schedules: Effects on Broiler Bone Development and Leg Health at slaughter Age. Res. Vet. Sci. 114, 416–422. doi:10.1016/j.rvsc.2017.07.013
 van der Wagt I., de Jong I. C., Mitchell M. A., Molenaar R., van den Brand H. (2020). A Review on Yolk Sac Utilization in Poultry. Poult. Sci. 99, 2162–2175. doi:10.1016/j.psj.2019.11.041
 Vieira S. L., Moran E. T. (1998). Eggs and Chicks from Broiler Breeders of Extremely Different Age. J. Appl. Poult. Res. 7, 372–376. doi:10.1093/japr/7.4.372
 Walter J. H., Voitle R. A. (1972). Effects of Photoperiod during Incubation on Embryonic and post-embryonic Development of Broilers. Poult. Sci. 51, 1122–1126. doi:10.3382/ps.0511122
 Wang T., Wang Z., Cao J., Dong Y., Chen Y. (2014). Monochromatic Light Affects the Development of Chick Embryo Liver via an Anti-oxidation Pathway Involving Melatonin and the Melatonin Receptor Mel1c. Can. J. Anim. Sci. 94, 391–400. doi:10.4141/cjas2013-177
 Wang Y., Bai X., Wang Z., Cao J., Dong Y. Dong Y., et al. (2017). Various LED Wavelengths Affected Myofiber Development and Satellite Cell Proliferation of Chick Embryos via the IGF-1 Signaling Pathway. Photochem. Photobiol. 93, 1492–1501. doi:10.1111/php.12806
 Werner C., Wecke C., Liebert F., Wicke M. (2010). Increasing the Incubation Temperature between Embryonic Day 7 and 10 Has No Influence on the Growth and slaughter Characteristics as Well as Meat Quality of Broilers. Animal 4, 810–816. d. doi:10.1017/s1751731109991698
 Whittow G. C., Tazawa H. (1991). The Early Development of Thermoregulation in Birds. Physiol. Zoolog. 64, 1371–1390. doi:10.1086/physzool.64.6.30158220
 Wijnen H. J., Molenaar R., van Roovert-Reijrink I. A. M., van der Pol C. W., Kemp B., van den Brand H. (2020a). Effects of Incubation Temperature Pattern on Broiler Performance. Poult. Sci. 99, 3897–3907. doi:10.1016/j.psj.2020.05.010
 Wijnen H. J., van den Brand H., Lammers A., van Roovert-Reijrink I. A. M., van der Pol C. W. Kemp B., et al. (2020b). Effects of Eggshell Temperature Pattern during Incubation on Primary Immune Organ Development and Broiler Immune Response in Later Life. Poult. Sci. 99, 6619–6629. doi:10.1016/j.psj.2020.09.088
 Wijnen H. J., van der Pol C. W., van Roovert-Reijrink I. A. M., de Smet J., LammersKemp A. Kemp B., et al. (2021). Low Incubation Temperature during Late Incubation and Early Feeding Affect Broiler Resilience to Necrotic Enteritis in Later Life. Front. Vet. Sci. 8 (December). doi:10.3389/fvets.2021.784869
 Willemsen H., Kamers B., Dahlke F., Han H., Song Z. Ansari Pirsaraei Z., et al. (2010). High- and Low-Temperature Manipulation during Late Incubation: Effects on Embryonic Development, the Hatching Process, and Metabolism in Broilers. Poult. Sci. 89, 2678–2690. doi:10.3382/ps.2010-00853
 Wilsterman K., Mast A. D., Luu T. H., Haussmann M. F. (2015). The Timing of Embryonic Exposure to Elevated Temperature Alters Stress Endocrinology in Domestic Chickens (Gallus domesticus). Gen. Comp. Endocrinol. 212, 10–16. doi:10.1016/j.ygcen.2015.01.009
 Yahav S., Tzschentke B. (2006). “Perinatal thermal Manipulations in Poultry, Does it Cause Long-Lasting Thermoregulatory Memory?,” in Proceedings of the 12th European Poultry Conference Verona, Italy, 10–14. September 2006. 
 Yahav S., Collin A., Shinder D., Picard M. (2004a). Thermal Manipulations during Broiler Chick Embryogenesis: Effects of Timing and Temperature. Poult. Sci. 83, 1959–1963. doi:10.1093/ps/83.12.1959
 Yahav S., Rath R. S., Shinder D. (2004b). The Effect of thermal Manipulations during Embryogenesis of Broiler Chicks (Gallus domesticus) on Hatchability, Body Weight and Thermoregulation after hatch. J. Therm. Biol. 29, 245–250. doi:10.1016/j.jtherbio.2004.03.002
 Yalçin S., Bağdatlioğlu N., Yenisey Ç., Siegel P. B., Özkan S., Akşit M. (2012a). Effect of Manipulation of Incubation Temperature on Fatty Acid Profiles and Antioxidant Enzyme Activities in Meat-type Chicken Embryos. Poult. Sci. 91, 3260–3270. doi:10.3382/ps.2012-02145
 Yalcin S., Aksit M., Ozkan S., Hassanzadeh M., Bilgen G. Helva I. B., et al. (2021). Effect of Temperature Manipulation during Incubation on Body Weight, Plasma Parameters, Muscle Histology, and Expression of Myogenic Genes in Breast Muscle of Embryos and Broiler Chickens from Two Commercial Strains. Br. Poult. Sci. 63, 21–30. doi:10.1080/00071668.2021.1958297
 Yalçin S., Çabuk M., Bruggeman V., Babacanoğlu E., Buyse J. Decuypere E., et al. (2008a). Acclimation to Heat during Incubation. 1. Embryonic Morphological Traits, Blood Biochemistry, and Hatching Performance. Poult. Sci. 87, 1219–1228. doi:10.3382/ps.2007-00435
 Yalçin S., Çabuk M., Bruggeman V., Babacanoğlu E., Buyse J. Decuypere E., et al. (2008b). Acclimation to Heat during Incubation: 3. Body Weight, Cloacal Temperatures, and Blood Acid-Base Balance in Broilers Exposed to Daily High Temperatures. Poult. Sci. 87, 2671–2677. doi:10.3382/ps.2008-00164
 Yalçin S., Molayoglu H. B., Baka M., Genin O., Pines M. (2007). Effect of Temperature during the Incubation Period on Tibial Growth Plate Chondrocyte Differentiation and the Incidence of Tibial Dyschondroplasia. Poult. Sci. 86, 1772–1783. doi:10.1093/ps/86.8.1772
 Yalcin S., Özkan S., Çabuk M., Buyse J., Decuypere E., Siegel P. B. (2005). Pre- and Postnatal Conditioning Induced Thermotolerance on Body Weight, Physiological Responses and Relative Asymmetry of Broilers Originating from Young and Old Breeder Flocks. Poult. Sci. 84, 967–976.
 Yalçin S., Özkan S., Siegel P., Yenisey Ç., Aksit M. (2012b). Manipulation of Incubation Temperatures to Increase Cold Resistance of Broilers:Influence on Embryo Development, Organ Weights, Hormones and Body Composition. J. Poult. Sci. 49, 133–139. doi:10.2141/jpsa.011117
 Yalcin S., Siegel P. (2003). Exposure to Cold or Heat during Incubation on Developmental Stability of Broiler Embryos. Poult. Sci. 82, 1388–1392. doi:10.1093/ps/82.9.1388
 Yameen R. M. K., Hussain J., Mahmud A., Saima (2020). Effects of Different Light Durations during Incubation on Hatching, Subsequent Growth, Welfare, and Meat Quality Traits Among Three Broiler Strains. Trop. Anim. Health Prod. 52, 3639–3653. doi:10.1007/s11250-020-02401-8
 Yu Y., Li Z., Pan J. (2016). Changes in Pigment, Spectral Transmission and Element Content of Pink Chicken Eggshells with Different Pigment Intensity during Incubation. PeerJ 4, e1825. doi:10.7717/peerj.1825
 Yu Y., Li Z., Zhong Z., Jin S., Pan J. Rao X., et al. (2018). Effect of Monochromatic green Led Light Stimuli during Incubation on Embryo Growth, Hatching Performance, and Hormone Levels. Trans. ASABE 61, 661–669. doi:10.13031/trans.12485
 Zawilska J. B., Jarmak A., Woldan-Tambor A., Nowak J. Z. (1995). Light-induced Suppression of Nocturnal Serotonin N-Acetyltransferase Activity in Chick Pineal Gland and Retina: A Wavelength Comparison. J. Pineal Res. 19, 87–92. doi:10.1111/j.1600-079x.1995.tb00175.x
 Zeman M., Buyse J., Herichová I., Decuypere E. (2001). Melatonin Decreases Heat Production in Female Broiler Chickens. Acta Vet. Brno 70, 15–18. doi:10.2754/avb200170010015
 Zeman M., Gwinner E., Somogyiová E. (1992). Development of Melatonin Rhythm in the Pineal Gland and Eyes of Chick Embryo. Experientia 48, 765–768. doi:10.1007/bf02124299
 Zeman M., Pavlik P., Lamos˘ová D., Herichová I., Gwinner E. (2004). Entrainment of Rhythmic Melatonin Production by Light and Temperature in the Chick Embryo. Avian Poul. Biolog. Rev. 15, 197–204. doi:10.3184/147020604783638155
 Zhang L., Lu L., Li S., Zhang G., Ouyang L. Robinson K., et al. (2016). 1,25-Dihydroxyvitamin-D3 Induces Avian β-Defensin Gene Expression in Chickens. PLoS One 11, e0154546–14. doi:10.1371/journal.pone.0154546
 Zhang L., Zhang H. J., Wang J., Wu S. G., Qiao X. Yue H. Y., et al. (2014). Stimulation with Monochromatic green Light during Incubation Alters Satellite Cell Mitotic Activity and Gene Expression in Relation to Embryonic and Posthatch Muscle Growth of Broiler Chickens. Animal 8, 86–93. doi:10.1017/s1751731113001882
 Zhang Z. Y., Jia G. Q., Zuo J. J., Zhang Y., Lei J. Ren L., et al. (2012). Effects of Constant and Cyclic Heat Stress on Muscle Metabolism and Meat Quality of Broiler Breast Fillet and Thigh Meat. Poult. Sci. 91, 2931–2937. doi:10.3382/ps.2012-02255
 Zhao L., Cao J., Hu K., He X., Yun D. Tong T., et al. (2020). Sirtuins and Their Biological Relevance in Aging and Age-Related Diseases. Aging Dis. 11, 927–945. doi:10.14336/ad.2019.0820
Conflict of Interest: The authors declare that the study was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 YALCIN, Özkan and Shah. 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/fphys-13-899977-t002.jpg
References Strain
Lourens etal.  ND®
(2005)
Joseph et al Ross
(2006) 308
Wilemsen et al.  Cobb
2010) 500
Janisch etal.  Cobb
(2015) 500
Maatiens, etal.  Ross
(2016) 308
Ameidaetal.  Cobb
2016) 500
Hamidu et al. Ross
(2018) 708
Ross
308
Morita et al. Cobb
2016) 500
Winen et al., Ross
(2020) 308
W: weight.

"ND: not determined.
“EST: eggshell temperature.
“IT: incubation temperature.
*BW: body weight.

'FCR: feed conversion ratio
ICW: carcass weight,

"Brst: breast.

DL: drip loss.

Temperature

treatment during

incubation (Day/
temperature)

D1-7/36.7°C [EST)®

D 0-10/36.6°C (EST)

D 16-18.5/34.6°C (M¢
D 7-10 or 10-13/
36.8°C ()
ED15-21/35.6°C (EST)
ED15-21/36.7°C (EST)
D13-21/36°C ()
D15-21/36°C ()
D15-21/36.5°C (M)
D15-21/36°C ()
D15-21/36.5°C (M)
D 13-21/36°C ()

D15-21/36.7°C (EST)

Differences in compared to control (37.5-37.8'C) incubation

Incubation
duration

ND

ND

ND

Hatchability ~ Yolk sac/yolk
free
chick W*/Chick
W/chick
length
- =/UND/|

3 =i

1 ND/ = /ND
ND ND/ND/ND/ND
- ~/1/ND/ND

- ~/1/ND/ND

=/=/ND/ND

ND

ND

ND

ND
ND

ND

Morphological and
physiological
effects

ND

ND

1 Blood T3 and triglycerides
ND

T Liver W = Spleen and
intestine W |Stomach W

1 Liver W =Spleen, stomach
and intestine W

1Biood cholesterol
IAdipocytes size

1 02 consumption at E16
and 17

1 02 consumption at E16
and 17

2 consumption E15-21

2 consumption E15-21

1 Blood vessel number, Ta and
growth hormone

1 Blood glucose, heart and
stomach W

Post-hatch growth
performance

ND
1 BW° at 21 and =
FCR, CW
TAbdominal fat

ND

= BW, OW, DL
ND

ND

ND

ND

ND

ND

ND

ND

=FCRat40d





OPS/xhtml/nav.xhtml
Contents

		Cover

		Incubation Temperature and Lighting: Effect on Embryonic Development, Post-Hatch Growth, and Adaptive Response		Introduction		Temperature During Incubation

		Effects of Incubation Temperature on Embryo Development and Post-hatching Growth

		Incubation Temperature and Post-Hatching Adaptive Response

		Light During Incubation

		Effects of Light on Embryo Development and Post-Hatching Growth

		Incubation Light and Post-hatching Adaptive Response

		Simultaneous Light and Temperature Manipulations





		Conclusion

		Author Contributions

		Publisher’s Note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Physiology






OPS/images/fphys-13-899977-g001.gif





OPS/images/fphys-13-899977-t001.jpg
References Strain
Lourens et al ND®
(2005)
Joseph et al Ross
(2006) 308
Oznurluetal.  Ross
2010) 308
Werner et al Cobb,
2010) 500
Wilemsen et al. ~ Cobb
(2010) 500
Janisch et al. Cobb,
(2015) 500
Meatiens, etal.  Ross
(2016) 308
Aimeidaetal.  Cobb
(2016) 500
Linetal. (2017)  Ross
708
Molenaar etal.  Hybro
(2010)
Morita et al. Cobb,
(2016) 500
Wijnen et al. Ross
(20208) 308
Avsar et . Ross
(2022) 308
“W: weight.

"ND: not determined.

“EST: eggshell temperature.
T: incubation temperature.
"BW: body weight

'FCR: feed conversion ratio.
ICW: carcass weight,
"Brstw: breast weight.

DL: dirip loss.

Embryonic age
(days)
and temperature

D15-21/39.9°C
(EST)S
D 18-21/
39.5°C (EST)

D11-21/388C(T)*
D 7-10/38.5°C (M)
D 16-18.5/
406C ()

D 7-10 or 10-13/
388°C (M)
ED15-21/
389°C (EST
D13-21/39°C (M)
D0-6/38.1°C ()
D7-19/389°C (EST)
D 13-21/39°C (M)
D7-14/389°C (EST)
D 0-3/38.6°C (EST)

D 3-6/38.6°C (EST)
D 0-6/38.6°C (EST)

Differences in compared to control (37.5-37.8°C) incubation

Incubation

ND

ND

ND

ND

ND

duration

Hatchability ~ Yolk sac/yolk-

free chick
W?/chick W/
chick length
I = /IND/T
T =/ =
ND ND/ND/ND/ND
= ND/ND/ = /ND
T = /ND/J/ND
ND ND/ND/ND/ND
= 1/1/ND/ND
T 1/=/ND/ND
V=1
1 1/ =/ND/|
ND =/=/=MND
ND
t
1

Morphological and

physiological
effects

ND

ND

1 Thymus and bursa fabricius W
ND

1 Blood T3 &T4, trighycerides
ND

= Liverand spleen W | Stomach

and intestine W
= Blood cholesterol
= Adipocytes size
ND

ND
1 Blood vessel number
1Blood glucose

ND

ND
ND

Post-hatch growth
performance

ND
=BW° at 21 and

42 days

= FCR!, CW?, Brstw"
ND

=BW, FCRat 36 d
ND

= Brstw, LegW

ND

ND

= BW at 49 days

ND

ND

=BW, FCR, CW at

= BW, FCR at d7
1BW=FCRat7d









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
,frontiers ‘ Frontiers in Physiology





