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Abstract

:

Circadian rhythms exist in almost all types of cells in mammals. Thousands of genes exhibit approximately 24 h oscillations in their expression levels, making the circadian clock a crucial regulator of their normal functioning. In this regard, environmental factors to which internal physiological processes are synchronized (e.g., nutrition, feeding/eating patterns, timing and light exposure), become critical to optimize animal physiology, both by managing energy use and by realigning the incompatible processes. Once the circadian clock is disrupted, animals will face the increased risks of diseases, especially metabolic phenotypes. However, little is known about the molecular components of these clocks in domestic species and by which they respond to external stimuli. Here we review evidence for rhythmic control of livestock production and summarize the associated physiological functions, and the molecular mechanisms of the circadian regulation in pig, sheep and cattle. Identification of environmental and physiological inputs that affect circadian gene expressions will help development of novel targets and the corresponding approaches to optimize production efficiency in farm animals.
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1. Introduction


Circadian rhythms are endogenous autonomous oscillators of physiological activities. They are controlled by the circadian clock directly or indirectly in a 24 h cycle [1]. It is a deeply implemented system during evolution in living organisms for adaptation to a cyclic natural environment [2]. For instance, the metabolic processes synchronizing to the biological clock allows animals to ramp up the necessary functions for the upcoming feeding and adapt to changes in the length of the day and night. In addition to ambient light and food availability, the circadian system is also important in mediating the timing of seasonal reproduction and other yearly physiological fluctuations that are regulated by day-length. This is extremely relevant in livestock science, where we purposely manipulate the photoperiod for production and management. However, the effects on animal health and ecology are often overlooked.



The circadian clock exists in almost all types of cells in animals, and is based on an array of transcriptional regulators interacting with one another in negative feedback loops [2]. The rhythmicity of physiology is primarily controlled by the central clock, the suprachiasmatic nucleus (SCN) via sustaining the activity–resting and feeding–fasting cycles even under constant darkness [3]. This is by integrating the SCN oscillators of specific cell-type in different brain regions and the endocrine signals via synaptic and diffusible factors. In contrast, the peripheral tissues such as gut and liver are known to have their own autonomous circadian clocks. The peripheral clocks mediate metabolic responses and communicate constantly with the SCN [4,5]. Circadian rhythms are associated with many dietary factors that comprise different clock genes, and control various daily physiological events [6]. In mammals, the interlocked transcription–translation feedback loops act as a circadian pacemaker [7]. The basic helix–loop–helix transcription factors circadian locomotor output cycles kaput (CLOCK) and arnt-like protein-1 (BMAL1) make up the core component, directly control period (PER) and cryptochrome (CRY) transcription. Notably, PER and CRY proteins can inversely repress CLOCK and BMAL1-stimulated transcription, allowing the cycle to begin anew when PER and CRY actions are turned-over. Importantly, REV-ERBs (REV-ERBα and REV-ERBβ encoded by NR1D1 and NR1D2, respectively) and retinoic acid receptor-related orphan receptors (RORs) drive the transcription of BMAL1, which are the primary players during the interlocked loop (Figure 1). Loss of function of these circadian genes results in behavioral arrhythmicity, the disruption of the autoregulatory loop, and short period-length phenotypes. In livestock production and intensive farming, circadian rhythms of domestic animals are vulnerable to factors such as transportation, breeding environment, antibiotics exposure, medication and feeding [8]. These lead to increased risks of many diseases, and subsequently huge economic losses in animal husbandry. Therefore, it is important to study in which way the circadian clock is associated with disease onset, and to unearth the underlying molecular mechanisms. The objective of this paper is to review the evidence of the rhythmic control of physiology and production in pigs and ruminants, and the associated clock gene regulations. A better understanding of the circadian physiology will help to show how rhythms could sustain livestock health and improve production.




2. The Circadian Physiology in Lipid Metabolism and the Clock Gene Regulate Action in Pigs


Circadian clocks are highly conserved endogenous oscillators. The central clock is entrained mainly by the light/dark cycle, whereas the peripheral circadian clocks exhibit tissue specificity and are entrained by a variety of environmental cues [3]. It is therefore context-dependent. Indeed, a wide range of physiological and metabolic variations depends on the circadian rhythm [9]. For instance, the lipid metabolism interconnecting with the circadian clock is essential for growth performance, health, and meat quality in pig production. Interestingly, Zhou and co-workers [10] have uncovered diurnal variations in polyunsaturated fatty acid (FA) metabolism in young pigs under physiological conditions. In circulation, the free FA is seen at its lowest level at 7 pm, and peaks at 3 am and 7 am the next day. While the plasma arachidonic acid, eicosapentaenoic acid, docosapentaenoic acid and docosahexaenoic acid (DHA) levels followed a similar trend. In contrast, the hepatic linoleic acid (LA) and α-linolenic acid are observed at higher concentrations in the daytime and lower at night, indicating an immediate absorption after meals during the day [10]. Surprisingly, the total triglycerides (TG) content in the liver of these young pigs did not show daily rhythm in the 24 h study, contrasting the previous observations in rodents [4]. As complex as this daily rhythm of lipid metabolism is reported to be in young animals, it can be reshaped by feeding patterns and nutrient supply. Compared to the conventional administration of three-meals, a dieting strategy of low to high protein contents as breakfast, lunch and dinner, respectively, results in the increased liver weight but decreased hepatic crude fat and reduced plasma TG levels in pigs. This is linked to a down-regulation of lipid metabolism genes, a reduced expression of PER1, PER2 and CRY2, and an upregulation of BMAL1 protein expression in the liver [11]. More importantly, feeding according to the circadian system has been shown to improve the growth performance [12] and muscle quality of pigs [12,13], as well as yield better milk lipid profile and production in sows [14]. It appears that energy intake or feeding acts as a robust zeitgeber which synchronizes metabolism to animal peripheral clocks, especially for intensive pig farming. A group of circadian clock genes, i.e., ARNTL, BHLHE, CRY2, NPAS2, NR1D1, PER1, PER2, and SIK1 [3] are shown to express in key metabolic tissues of pigs, including liver, small intestine, dorsal fat and muscle. Their expression levels differ significantly in pigs under fed states, compared to fasting [15]. In contrast, these genes are less affected in the central clock (hypothalamus). The feeding differences also influence the blood glucose and TG levels, which are shown to peak 2 h after eating and 4 h post-meal, respectively, and are accompanied by a significant decrease in free FA in blood [13]. We [16] have demonstrated previously that time-restricted feeding of limited nutrient supply reduces the cholesterol biosynthesis gene program in porcine liver organoids, a regulation that is controlled by RORγ [16,17,18].



As aforementioned, the timing of feed administration plays an important role in cooperating the metabolic responses to energy supply in animals. The nutritional outcomes can be very different, despite providing the same type of food/feed and the same amount of calories [19,20]. It is a true “time giver” to be manipulated in energy management of livestock and human beings, which is linked to the onset of obesity [21,22]. It is reported that a high-fat diet given during 12-h light causes more weight gain in mice than during 12-h darkness [23]. It should be noted that the mice are nocturnal, differing from pigs and humans that are diurnal [24]. More importantly, the light-phase feeding is indeed a common measure in the pig and poultry industries, and therefore is of high relevance. It requires more attention in regard to animal health, and studies of the obesity pathogenesis. Although many aspects of the circadian physiology are controlled by rhythmic input signals from the central clock, they also exhibit cell-autonomous regulation from the peripheral clocks [25]. A two-meals of low-high calcium supplementation dietary regimen is reported to influence the lipid metabolism of a pregnant sow during the third trimester [26]. In this study, the placenta lipid profile is also altered. i.e., the placental LA and DHA concentrations are increased by the high-low calcium feeding. In contrast, the heptadecanoic acid, oleic acid and monounsaturated fatty acid (MUFA) levels are decreased, compared to the low–high group, indicating a transfer of maternal effects [26]. This is mediated by changes of gene expression related to fetal lipid metabolism including FA de novo synthesis, transport, and glycolipid metabolism, as well as key clock genes PER1, PER2 and CLOCK in placenta [26]. Collectively, it is suggested that feeding as a whole plays an essential role in circadian physiology of pigs. It is therefore important to regulate nutrition according to the peripheral circadian clocks.



For livestock, reproductive and growth performances are important meters. Wang et al. [27] reveal that the clock gene BMAL1 plays a critical role in hormone secretion and apoptosis in porcine granulosa cells through the PI3K/AKT/mTOR pathway. This is closely related to oocyte maturation and follicular development [27]. Furthermore, it is reported that the carbon monoxide (CO) infusion in ophthalmic venous blood alters the clock gene expression (PER1, PER2, CRY1, CRY2, REV-ERBs/(NR1D1/2)) and their transcriptional factors (BMAL1, NPAS2, CLOCK, RORβ) in pigs. In parallel, CO treatment modifies the protein expression of the melatonin synthesis pathway [28]. Melatonin is known to be involved in synchronizing the circadian rhythm, and is especially linked to seasonal reproduction; it is therefore is a potent mediator of the timing and the associated physiological responses [29]. Indeed, melatonin addition has been demonstrated to prevent oocyte senescence after ovulation in pigs [30]. It upregulates the gene expression related to FA oxidation and mitochondrial biogenesis, and increases FA contents, ATP and mitochondria in porcine oocytes, which thereby provides an energy source for oocyte maturation and subsequent embryonic development [31]. This evidence of rhythmic clock gene expressions in the reproductive tissues suggests that they may contribute to fertility optimization [32]. In addition, biological rhythm acting on hormones such as catecholamines and glucocorticoids is shown to be associated with changes of the sympathetic stress. As observed in the sows, urinary catecholamine concentrations are lower in the dark, compared to during the daytime. Chronic activation of the sympathetic nervous system and the hypothalamic–pituitary–adrenal (HPA) axis is known to be associated solely with the increased catecholamines and glucocorticoids levels [33]. Their concentration in urine is thus a potential biomarker that helps to better understand hormone rhythmic release in circulation. As a non-invasive practice in pig husbandry [33], it could be applied to monitor the physiological changes of sows during pregnancy. The circadian physiology has been intensively studied in mice; less is known about the molecular components of these clocks and the mechanism by which they respond to external stimuli in domestic species [15]. Given the close physiological similarity between pigs and humans, data presented here could be also of interest for mechanistic studies in human physiology.




3. The Circadian Clock Gene Expression and the Associated Physiological Activities in Sheep


Seasonal reproduction is common among ruminants at all latitudes, including sheep and goats [34]. They breed during fall and are therefore called short-day (SD) breeders. In contrast, the long-day (LD) response is defined mainly by the decreased nightly duration, such as in summer [34]. By exposing the SD breeder Soay sheep to a long photoperiod of 16-hr light, waveforms of the SCN gene expressions were detected, similar to the observations in LD breeders. Accordingly, the expression of clock genes PER1, PER2 and FBXl21 were increased and were comparable to the levels in LD breeders [35]. Furthermore, Wagner and co-works [36] revealed a strong effect on estrus activity by acclimating the Soay sheep to LD photoperiods. In the SCN of sheep, a 24 h rhythm of CLOCK expression is detected along with BMAL1 expression, exhibiting the features in anti-phase with cycles in PER1 and PER2 along with low-amplitude oscillation of CRY1 and CRY2 [37]. The waveform of only PER1 and PER2 expression is affected by photoperiod, with extended elevated expression under LD. In the hypothalamus, the expression of the kisspeptin-1 (KISS-1) gene that encodes kisspeptin, is known to be crucial for reproductive activation in sheep and is declined with transfer to long photoperiod [36]. Maximal KISS-1 expression is observed in the 8:16 setting (8 h light, 16 h darkness). It has a strong suppressive effect on KISS-1 expression, when shift to the 16:8 photoperiod (16 h light, 8 h darkness) [38]. The inducible cAMP early repressor (ICER) expression is significantly increased from zeitgeber time (ZT) 23 (6 am) to ZT3 (10 am), 3-h into the next light phase in the pars tuberalis (PT). In newborns, the expression levels of clock gene PER1, PER2, CRY2 and CLOCK are higher at 8 am than at 8 pm, while the values of BMAL1 are highest at 2 pm [39,40].



Plasma melatonin rhythms are seen to be synchronized to various light/dark cycles, while prolactin secretion is increased 4-5 times in response to the 16-h light/dark cycle, compared to SD photoperiod. The photoperiod shifts also affect the expression of circadian (PER1) and neuroendocrine output (TSH) genes in the PT, and the kisspeptin gene expression in the arcuate nucleus of the hypothalamus [36]. Another study in sheep points out that the rapid alternation of photoperiod impairs both the central (e.g., melatonin) and peripheral rhythmicity (e.g., skeletal muscle clock gene expressions), and disrupts the glucose homeostasis in sheep [41]. The blood glucose concentration is shown to decrease in response to the fast-alternate photoperiod environment, with the peak appearing in the daytime and the lowest point at daybreak. Together, this may reflect an adaptive mechanism of sheep related to the timing of the seasonal transitions via the hypothalamic–pituitary–gonadal pathway. As aforementioned, melatonin mediates the photoperiod alteration induced changes of clock gene expression, exhibiting an inversed oscillation of PER1 and PER2 expression. Moreover, the diurnal rhythm of melatonin secretion in sheep is different from CRY1 expression, which is shown to increase from day to night [37]. In adult ewes, the mRNA levels of muscle BMAL1 and CLOCK reach the peak at 6 pm during the early dark phase [41]. In contrast, the expression of NR1D1 is found to peak at 0 h, whereas PER3 and CRY2 reach their highest expression levels at 6 am [41]. When the photoperiod alters rapidly, the peaking expressions of BMAL1 and NR1D1 are moved hours ahead during the day, compared to the control group. The expression of PER1 at ZT0 (10 am) and ZT6 (4 pm) are decreased, and the expression of NR1D2 at ZT12 (10 pm) is reduced [41]. In the ovine liver, the LD photoperiod induces a similar pattern of PER2 and BMAL1 expression (peaking at the end of the night), whereas under SD photoperiod PER2 peaks in the early night opposite to BMAL1 and coincides with cortisol changes in blood [42]. Together, it is shown that these key genes regulate the normal operation of the circadian clock in sheep through their rhythmic expression.



In addition to ambient light, the seasonal transition also entails changes of environmental temperature, precipitation and other factors that all come down to the orbiting of the earth around the sun [34]. Indeed, diurnal variations are found in a wide range of physiological processes in sheep. For instance, the diurnal rhythm of liver glycogen concentration is significant, which is increased from dawn to dusk (at most 14 h after lighting) and decreased at night. The peak of plasma leptin during the day occurs in the middle of the light period (8 h after the lights come on), while the lowest level is reached after another 12 h (4 h before the lights went on) [43]. Remarkably, ewes are reported to exhibit strong rhythmicity in locomotor activity, body temperature, melatonin and glucose levels in circulation [44]. Their locomotor activity peaks at noon and drops to the lowest level at 8 pm, inversely related to melatonin secretion, plasma glucose level and body temperature. It is suggested that the melatonin rhythm in particular can be a valid phase marker of the circadian system in domestic species including sheep [29,44]. The relationship between melatonin secretion and the circadian clock was further addressed in lambs born to the melatonin-inhibited ewes. These newborns had less brown adipose tissues, and showed an exaggerated skin temperature response at 4 °C. It is shown that the expression of both thermogenic genes and the clock genes BMAL1, CLOCK, and PER2 were increased due to their lacking melatonin, whereas a simple supplementation could reverse the course [45]. This is because the lambs have low arrhythmic endogenous levels of melatonin due to pineal gland immaturation during the first couple of weeks of life. Therefore, it is vital to maintain a normal daily rhythmic transfer of maternal melatonin to the fetus during gestation [46,47]. Disrupting this melatonin rhythm in neonatal lambs results in a decreased heart/body weight ratio and a suppression of plasma adrenocorticotropic hormone levels, as well as a downregulation of clock gene expression [39].



Interestingly, the proliferation of hair follicle stem cells is also affected by the circadian clock during the growth period, thus affecting the hair follicle cycle of goats [35]. In sheep, appetite and growth performance are closely related to the seasonal transition, by their changing the of expressions of the appetite regulatory peptide neuropeptide Y and agouti-related protein in the arcuate nucleus, as well as orexin in the lateral hypothalamus in response to photoperiod variations [48,49]. In summary, the hormone secretion, metabolism, growth, and reproduction of sheep are tightly regulated by the circadian clock. It is worth mentioning that, in addition to giving rise to meat, wool/hair, milk and skin products, sheep are also commonly used as a large diurnal animal model for human studies [41].




4. The Circadian Physiological Functions in Cattle


Environmental factors including photoperiod, heat and nutrition influence a series physiological processes of cattle. For instance, the estrus cycle of cows is related to the circadian clock [50]. In particular, diurnal oscillation is demonstrated in the secretion of luteinizing hormone (LH) in heifers. Of the 8-h cycle, i.e., 2 am to 9 am, 10 am to 5 pm, and 6 pm to 1 am, the LH preovulatory surge peaks 9, 3, and 1 time, respectively. The maximum average LH concentration is detected at 7 am. Thus, the peak before ovulation is more likely to appear between 2 am and 9 am [51]. In bull, the expression of clusterin genes CLU and CLOCK in semen was investigated. Both genes have been implicated in the functional attribution of male reproductive process. It is shown that CLOCK is expressed in higher level in good quality bull semen than in motility-impaired semen, whereas the expression of CLU displays an opposite manner [52]. It should be noted that no direct correlation or cause–effect relationship is revealed by this study, which therefore requires further investigation.



The circadian rhythm also modulates the production performance of cattle. First, it is shown that around 7% of the genes are expressed during lactation of cows that exhibit circadian patterns including core clock gene BMAL1 and metabolic genes (e.g., SREBP2) [53]. The photoperiod of 16 h-light and 8 h-darkness is shown to enhance milk yield in a cost-effective manner, when compared to a short day of light exposure (8 h-light and 16 h-dark) [54,55]. During the dry period, the short day of light exposure seems to improve the subsequent lactation performance of dairy cows, possibly due to changes in mammary cell proliferation and metabolism [56]. In addition, silencing PER2 gene in bovine mammary cells in vitro reveals that this clock genes regulate milk protein synthesis involving the mRNA expressions of casein-alpha s1 (CSN1S1) and casein-alpha s2 (CSN1S2) [57].



A long-day of light exposure also induces changes of the endocrine levels including increased prolactin and decreased melatonin in the blood of heifers and dairy cows [54,55]. In contrast, melatonin supplementation could reduce the serum prolactin level and mammary parenchymal growth induced by LD of light exposure in prepubertal heifers [58]. In addition to mimicking the photoperiodic effects on mammary growth, exogenous melatonin administration causes a significant increase in total cholesterol and TG content, as well as increasing the glucose and insulin levels, and reducing free FA concentrations in blood [59]. Indeed, as discussed in pig circadian physiology, melatonin is an important mediator, linking lipid metabolism and the circadian regulation. Finally, the feeding regime induces the profound effects on the diurnal variations in metabolism, as the peak blood glucose rhythm under the ad libitum condition is always earlier than the one-meal or two-meals daily feeding [60]. While nocturnal feeding to dairy cows leads to a reset of animal physiology, including the increased plasma insulin concentration, and decreased preformed FA, feed intake and digestibility of total dry matter and fiber [61,62].



Notably, domestic animal species including cattle exhibit the circadian variation of heart rate (HR) and arterial blood pressure [63]. It has been demonstrated that the cardiovascular functions of non-lactating pregnant dairy cows exhibit a diurnal periodicity in summer, and seasonal differences between summer and winter [64]. As the circadian clock is a measurement of the day/night length, the seasonal phenomenon can be considered as a response to changes of day length [63]. Nevertheless, it is shown that in these non-lactating cows, cardiac autonomic activities including HR variability in time and frequency display a significant diurnal rhythm in summer [64]. During this time, the cardiac autonomic function changes; for instance the HR increases from 7 am to 5 pm during the day, then declines from 6 pm to 6 am, showing a fluctuation among the four periods of the day [64]. A deeper understanding of the rhythmic pattern of the cardiovascular functions in ruminants may be useful for clinical, pharmacological purposes and physical performances in general.



Genes key to the circadian system that are linked to reproductive performance and their diurnal variations in cattle are discussed, as well as the effects on muscle functions and immunity etc. The transcripts of all circadian rhythm genes exist in the form of maternal mRNA, while the transcripts of CLOCK, CRY1, and PER1 are abundant in oocytes, but are degraded immediately after fertilization [65,66,67,68]. The transcripts of PER1, CRY1 and CLOCK are highly expressed in germinal vesicle and second metaphase oocytes of cattle, while CRY2 and PER2 transcripts are about ten times that of BMAL1 [69]. Knockdown of the CLOCK gene inhibits the production of cow estradiol and the expressions of LH receptor and P450 aromatase mRNA in granulosa cells treated with follicle-stimulating hormone (FSH) [50]. Consistently, knockdown of PER2 increases the production of progesterone and the expression of STAR mRNA in FSH treated granulosa cells and decreases the expression of LH receptor mRNA. The expression of CLOCK in healthy bulls is significantly higher than that of bulls with dyskinesias [52]. Exposure to dexamethasone treatment of bovine neutrophils decreased the mRNA expressions of CLOCK and CRY1 and is associated with the increased PER1 throughout the period. The decreased NR1D1 and CRY2 are observed at all times except 4:00, 16:00 and 24:00, respectively [70]. Recent research has only begun to reveal the complex but very interesting biological basis and ecological usefulness of the circadian clock and physiological rhythms in livestock, including those of the reproductive system which have both endogenous and exogenous influences and play important roles in cattle production [71].




5. Discussion


The photoperiod-affected diurnal rhythm of physiological activities in livestock comprising both central and peripheral clock regulations are different from those observations in rodents and are much less studied. Given that circadian oscillations play a pivotal role in the regulation of animal development, performance, reproduction and metabolism, how i. to exploit the biological clock to ensure the healthy growth of pigs, sheep and cattle; ii. to improve the livestock production efficiency remain an open issue worth further discussion.



5.1. Photoperiod-Affected Hormone Regulation


Notably, evaluation of the adaptive responses of pigs in practice is quite challenging. The main reasons include the collection of samples such as blood and how to examine functional neuroendocrine systems properly. For hormone measurement in pigs, corticosteroids levels in urine could become a noninvasive way to detect and reflect activity changes in the HPA axis and the sympathetic nervous system [33]. However, the urinary sampling from pigs is also accompanied with stress responses, especially for sensitive tests like adrenocortical function assay. It is largely dependent on specific management procedures. Cortisol levels, especially glucocorticoids exhibit a 24 h oscillation. This pattern of hormone matches the phasing of the hepatic circadian gene PER2 expression, which together determines the hormone function observed in pigs and in sheep exposed to an LD photoperiod [42]. In dairy cow, it is well-accepted that the biological clock system is associated with metabolism and hormonal alterations; both are required for initiating and sustaining lactation [72]. Thus, maintaining normal circadian rhythm during these transition phases is critical for milk production and metabolic regulation in early lactation. Moreover, it has been addressed that the pineal gland plays an important role in controlling of gonadal atrophy in winter, by increasing melatonin secretion via the HPA axis in animals [73]. In birds, the pineal gland is also involved in the regulation of locomotor activity [74]. However, the regulatory functions of the pineal in pigs and the mechanisms behind it are not explored.




5.2. The Melatonin Rhythm


In livestock, melatonin secretion is a key hormonal indicator of day-length changes and seasonal difference. It represents an internal signal of the brain to reflect the external photoperiod [29,36]. As a seasonally breeding mammal, sheep is more sensitive to the circadian hormone signals, especially melatonin [63]. It produces long-duration signals in winter and transient signals in summer, therefore determining the seasonal differences of the circadian physiology [75]. Interestingly, it appears that the natural melatonin rhythm in various animal species has a time window to occur, as neonates lack the rhythmic secretion of melatonin. In lambs, high-amplitude melatonin exposure in early-life leads to the obvious alterations of the fetal-to-neonatal transition, which underlies the potential risk of melatonin administration during the neonatal phase [39]. We suggest that learning the functions and diurnal variations of the above-mentioned hormones in domestic species is necessary. More importantly, a better understanding of the molecular mechanisms of the circadian gene expression and how these complex hormonal signals are integrated into the circadian system will help to expand our knowledge and to generate novel targets and strategies in livestock management.




5.3. The Circadian Regulation of Seasonal Activity


Circadian clocks regulations are closely related to metabolic adaptations in multiple tissues. They control the core circadian gene transcriptional profiles in the mammary gland [57], liver [4,11] and adipose tissue [45] enrolled in the periportal period. The circadian physiology dominates the smooth transition of gestation to lactation in dairy cows. We propose that future research may focus more on how environmental cues like nutrition and feeding could entrain the diurnal oscillations in key metabolic organs via specific mechanisms. In line with the nutritional challenge in ruminants during the transition phase, lipid deposition is a critical event for pig production, especially during the fattening period. However very few studies have paid attention to the circadian modification of genes involved in lipid absorption, transport, storage, and catabolism [13]. With regard to meat quality, muscle metabolism and its relation to nutrient availability/feeding should be addressed to provide a better understanding of the genetic basis of energy homeostasis in pigs. Further experiments are therefore needed to determine the mechanistic actions of a specific nutrient coupling a specific clock gene expression and/or a particular physiological activity in pigs.



Maintaining the homeostasis of body temperature is crucial for cattle production. Environmental factors including the high-level ambient temperature, indoor or outdoor environment, thermal oscillations and solar radiation exposures all pose great challenges to animal husbandry in tropical regions [76]. The resultant changes could be long-lasting, showing a significant difference compared to that of temperate zones [77,78], suggesting meteorological variables in response to seasonal fluctuations. As discussed earlier, the cardiac autonomic activity of cattle exhibits a significant daily oscillation in summer compared to in winter. This could be attributed to high-level ambient temperature influencing endogenous signaling [64]. Further studies are needed to clarify interactions between other environmental factors including humidity, feeding patterns and the cardiac regulation and capacity in large animals, with an emphasis on the effects of circadian rhythm.





6. Conclusions


The interconnection between circadian rhythmicity and livestock physiology is becoming one of the major focuses of the field of animal science [5]. Indeed, the temporal organization of a 24 h cycle physiology, metabolism, and behavior is driven by a complex network of multiple cellular circadian oscillations. Clock genes and actions modulating circadian oscillation in livestock are summarized in Table 1. As expected, the pacemaker BMAL1 plays the dominant roles in all three livestock species we have discussed, i.e., pigs, sheep and cattle, and the action of BMAL1 is tightly connected with PER2 and CLOCK. The rhythmical pattern is synchronized through neuronal and hormonal signals by a core center-clock located in the suprachiasmatic nuclei zone of the hypothalamus. Studies on the regulations of circadian clock gene expression have so far been conducted almost exclusively using commercially available cell lines along with small experimental animals. In contrast, studies using livestock species (either domestic or wild-cross-breeding ones) for the assessment of circadian clock modulation are still rare and with limitations. Specific feeding of circadian time or chrono-treatment is important to animal science, and additional advances should be made in large animal chronobiology. We expect that future research into the cellular and molecular mechanisms that mediates circadian and seasonal influences on animal physiology (e.g., endocrinology and metabolism) and pathology will fundamentally improve the feeding application and management in animal husbandry. As the saying goes, it is about time.
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Figure 1. The circadian clock actions on physiology and health of livestock. Circadian rhythm plays a critical role in livestock’s growth performance, reproduction, metabolism, and the quality of their products. The core mechanism, the transcription–translation–feedback-loop (TTFL) drives the diurnal oscillations to maintain circadian activities. In which CLOCK and BMAL1 directly control the transcription of PER and CRY genes. Whilst PER and CRY proteins can repress their modulator, CLOCK and BMAL1-stimulated transcription occurs in a negative feedback loop, allowing the cycle to begin anew when PER and CRY actions are turned-over. Importantly, REV-ERBs and RORs dominate the BMAL1 gene expression, are the primary players of the interlocked loop. In particular, hormones reach a peak level in the morning. Synthesis and release of melatonin is stimulated in the dark at night, while it is suppressed by light during the day. Loss of function of the circadian genes results in behavioral arrhythmicity, the disruption of the autoregulatory loop, and short period-length phenotypes. 
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Table 1. Core genes of circadian rhythm and their functions in livestock.
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Genes

	
Pigs

	
Sheep

	
Cattle






	
ARNTL (BMAL)

	
Crude protein intake of three meals regulates the protein expression [11].

	
Decreasing brown adipose tissue in neonates [45].

	




	
Promoting the secretion of progesterone and estradiol and inhibiting the apoptosis of granulosa cells [27].

	
Sensitized to long-term light or without melatonin [45].

	
Increasing the transcript levels of NR1D1 and Prostaglandin G/H synthetase 2 (PTGS2) in uterine stromal (USCs) [71]; Increasing the production of prostaglandin F2α (PGF2α) [71].




	
Controlling the expression of ovarian genes in porcine granulosa cells [27].

	
Different expression peaks in long-day or short-day conditions [42].

	




	
Suppression of mRNA levels of circadian genes [27].

	
Rapidly alternating photoperiods causes 2.5-h earlier expression peak [41].

	




	
CRY1

	
Reducing the expression of pro-inflammatory cytokines Interleukin-6 (IL-6) and Tumor-necrosis-factor alpha (TNF-α) [22].

	
High expression in night or along with high melatonin concentration [36,37,40].

	




	
Stabilizing the circadian oscillation and keeping the body temperature constant [22].




	
PER2

	
Crude protein intake of three meals regulates the protein expression [11].

	
Decreasing brown adipose tissue in neonates [45];

	
Increasing the proliferation of granulosa cells treated with FSH [50];




	
Calcium supplementation at different times inhibits mRNA expression in placenta [26].

	
Synchronizing with the plasma insulin and glucose concentrations [41,42].

	
Decreasing the progesterone production and expression of STAR mRNA in FSH-treated granulosa cells [50];




	

	
long-term light or decreased melatonin reduces mRNA expression [37,45].

	
Enhancing αs–casein protein synthesis of bovine mammary epithelial cells (BMEC) and an overall increase in milk protein content [57].




	

	
Different expression peaks in long-day or short-day conditions [42].

	




	
PER1

	
Crude protein intake of three meals regulates the protein expression [11].

	
Increasing the prolactin secretion [36].

	




	
Calcium supplementation indicator [26].

	
High expression in night [37,40].




	
A transmitter of light signal. The expression in the PA and DH was elevated in the animals treated with CO [28].

	
In SCN, PER1 peaks early in the day [38].




	
NR1D1

	

	
Decreasing the plasma insulin and glucose concentrations [41].

	
Repressing PTGS2 gene expression [71]




	

	
In PT, melatonin inhibits mRNA expression [40].

	




	

	
Rapidly alternating photoperiods causes 2.5 h earlier expression peak [41].

	




	
CLOCK

	
Calcium supplementation indicator [26].

	
Decreasing the plasma insulin and glucose concentrations [41].

	
Increasing estradiol production, and luteinizing hormone receptor (LHr) and P450 aromatase (P450arom) mRNAs in FSH-treated granulosa cells [50];
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