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Abstract

:

The livestock sector, essential for maintaining food supply and security, encounters numerous obstacles as a result of climate change. Rising global populations exacerbate competition for natural resources, affecting feed quality and availability, heightening livestock disease risks, increasing heat stress, and contributing to biodiversity loss. Although various management and dietary interventions exist to alleviate these impacts, they often offer only short-lived solutions. We must take a more comprehensive approach to understanding how animals adapt to and endure their environments. One such approach is quantifying transcriptomes under different environments, which can uncover underlying pathways essential for livestock adaptation. This review explores the progress and techniques in studies that apply gene expression analysis to livestock production systems, focusing on their adaptation to climate change. We also attempt to identify various biomarkers and transcriptomic differences between species and pure/crossbred animals. Looking ahead, integrating emerging technologies such as spatialomics could further accelerate genetic improvements, enabling more thermoresilient and productive livestock in response to future climate fluctuations. Ultimately, insights from these studies will help optimize livestock production systems by identifying thermoresilient/desired animals for use in precise breeding programs to counter climate change.
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Key Contribution: Transcriptomics based NGS approach can help to optimize livestock production systems through the identification of climate resilient traits, which could be used in precise breeding programs to produce more thermotolerant breeds to counter climate change.










1. Introduction


Extreme climatic shifts are anticipated, with global warming approaching 1.5 °C by 2040 and average surface temperature predictions ranging from 1.88 to 4.08 °C (depending on the models used and the assumptions made) by 2100 [1]. The emission of greenhouse gases (GHGs) causes atmospheric warming, contributing to global climate change [2]. With the current and anticipated surge in global population, climate change is expected to impact livestock production in various ways, including intensified competition for natural resources, reduced feed quality and availability, increased disease prevalence, heat stress, and loss of biodiversity. These challenges arise as the livestock industry strives to meet a projected 100% increase in demand for animal products by the mid-21st century [3].



The livestock sector is essential for sustaining food supply and security. Products from livestock, such as meat, milk, and eggs, contribute approximately 15% of global per capita calorie intake and 31% of protein intake, with some variation across different regions [4]. Agriculture is a source of income for over 844 million people worldwide, with over 40% of the value from the livestock sector [5]. The effect of climate change can be either positive or negative depending on region, species, and production type in livestock [6]. For example, an increase in the yield of crops and pasture due to the increasing climate changes is expected in Central Europe, which could be beneficial for livestock feeding [7]; on the other hand, regions like southern Australia [8] and southern South Africa, which rely on winter rainfall, may decline [9]. If particularly concentrating on tropical climate livestock production, serious concerns elevate the importance of thermoresilience against future global warming.



Particularly in tropical countries, more research is necessary related to strategies such as breeding livestock for adaptability rather than exclusively focusing on high productivity. Although a variety of management and dietary strategies are available to mitigate the effects of heat stress on livestock, these approaches may offer only short-term relief. Thus, a more thorough understanding of the genetic diversity and molecular mechanisms that drive thermotolerance and natural resilience is essential. To successfully mitigate the negative effects of climate change and maximize production, the best adaptation strategies should integrate technological, behavioral, management, and policy choices. Narrowing down to technological aspects, several molecular approaches, including quantitative polymerase chain reaction (qPCR), microarrays, and RNA sequencing (RNA-seq), can be employed to investigate the transcriptome of an individual. RNA-seq has introduced a novel way of measuring gene expression across the entire transcriptome, including in non-model animals for which no prior sequencing information is available [10]. This comprehensive review focuses on applying RNA-seq approaches to comprehend adaptation in various farm animals, followed by variations in transcripts in response to exposure to heat stress. The review concludes by identifying traditional biomarkers that may inform future breeding strategies across different farm animal species.




2. Economic Consequences of Heat Stress on Livestock Production


When environmental conditions defy the animal’s thermoregulatory mechanisms, the state is known as heat stress. Heat stress is a multibillion-dollar problem for the global livestock system. The impacts of heat stress include reduced efficiency, increased vulnerability to diseases, compromised animal welfare, and reduced fertility [11]. The general response to heat stress and the point at which production losses activate vary widely between animals. Various climate change assessment systems predict an increase in temperature from 1.1 °C to 6.4 °C by the end of this century [12]. Globally, numerous livestock species are likely to be impacted negatively due to this fluctuation in temperature.



Assessing the influence of heat stress on economic losses can be accounted for in three ways: (1) Decreased productivity (growth, milk, meat, and wool), (2) increased mortality, and (3) reduced reproductive efficiency. Metabolic heat production is greater in high-producing dairy cows compared to low-producing cows. Therefore, cows producing large amounts of milk are more susceptible to heat stress. For instance, due to heat stress, the United States livestock industry faced an annual economic loss between USD 1.69 and 2.36 billion, of which a major loss was found in the dairy and beef industry [13]. According to a study, the average milk production per cow in the United States could decline by 11.6 per cent on average by the mid-twentieth century and by 20.8 per cent on average by the late-twentieth century due to heat stress, resulting in massive revenue losses for the dairy industry [14]. A study finding projected an economic loss of roughly 16.5 million (AUD) to Australian feedlots due to heat stress [15]. In Canada, it is predicted that milk fat and protein content would decrease due to heat stress, thus resulting in a loss of CAD 5.34 to 7.07 ·hL−1 [16]. Most of the estimates analyzed are outdated and do not represent the current economic impact of heat stress. In addition, heat stress on cattle production systems may likely result in greater economic losses than these figures indicate.



The above-mentioned are economic losses due to the direct effect of heat stress on livestock; considering the indirect effects, these include impact on fodder crops, scarcity of water, occurrences of diseases in livestock and fodder, veterinary costs linked to the increased incidence of associated production diseases, and many more. Finally, this leads to huge economic losses to farmers and to nations.



Livestock production is among the most climate-sensitive economic sectors, making vulnerable communities especially susceptible to heat stress effects. Across many regions, livestock systems are rapidly evolving in response to factors such as population growth, rising demand for animal products linked to income growth, and urbanization. The impacts of heat stress are felt most acutely by low-income populations that depend heavily on natural resources for their livelihoods. Managing livestock under heat stress requires adaptation strategies to reduce production losses, with options ranging from low- to high-cost interventions. Low-cost adaptations might include reducing overcrowding and maximizing shade availability, while moderate-cost strategies may involve installing sprinklers to cool animal shelters and enhancing ventilation. High-cost measures could include constructing climate-controlled animal facilities and providing high-quality feed. However, livestock owners often lack the financial resources and technological capacity needed to implement these adaptations to counter projected temperature increases and related climatic changes. For rural populations, losing livestock assets can lead to chronic poverty, with enduring consequences for their livelihoods.




3. Significance of Understanding the Molecular Mechanisms of Livestock Adaptation


Understanding cellular responses to climate change might provide clues to unravel the mystery behind the complexities enabling cells to adapt to the changing environment. The impacts of environmental stress on molecular mechanisms are still in their infancy, but they may someday explain the diversification of animal genetic resources.



Reductions in the productive performance of cattle due to heat stress are attributable in great proportion to the homeokinetic shifts animals endure to maintain an ideal core body temperature. However, cattle adapted to hotter climates appear to have acquired genes that shield cells from the damaging effects of heat [17]. The practical utility of the previous statement can be that “rather than relying on crossbreeding alone to utilize the zebu genotype for livestock production in hot climates, we can instead introduce the zebu genes that confer thermo tolerance into European breeds while excluding the undesirable genes” [17]. For instance, a slick mutation in the prolactin receptor gene (PRLR) identified in Senepol cattle has been incorporated into other dairy breeds in regions like Puerto Rico, Florida, and New Zealand. Studies later confirmed that Florida Holsteins carrying the slick phenotype showed lower rectal and vaginal temperatures and reduced respiration rates under heat stress compared to Holsteins lacking this phenotype [18]. Similarly, if other mutations conferring thermotolerance are found, either at the whole-animal or cellular level, it will open up new possibilities for employing genetic interventions to mitigate the effects of heat stress. To quote further examples, researchers working on genome-wide selection for thermotolerance used a heat shock gene marker to identify a bull suitable for use in the breeding program [19]. Additionally, exposure of an animal to heat stress has been shown to affect the expression of genes outside of the heat shock protein family, such as the ATP1A1 gene (Jersey crossbred cows) [20] and the ATP1B2 gene (Chinese Holstein cows) [21], which are relevant to thermotolerance. These SNPs can potentially serve as markers for the early development of thermotolerance in animals. In addition, a bull with thermotolerance can be used in breeding programs to produce animals with better thermoresilience.



To illustrate the application of our current knowledge of cellular and molecular pathways in livestock, Canadian dairy herds saw a 6% increase in milk production between 2005 and 2012, despite an 11% reduction in the number of dairy cows [22]. A significant gain in milk output and productivity can be attributed to both ongoing genetic selection and advances in the biology of lactation and biosynthesis of milk. Through different sequencing technologies like metagenomics, transcriptomics, proteomics, and metabolomics, specific genes and gene variants that play a significant role in carrying milk production traits can be identified, which can increase milk production. A missense mutation in the DGAT1 gene on chromosome 14 has been found to profoundly impact milk fat and composition in dairy cattle [23]. Further, on chromosomes 6 and 20, the ABCG2 and GHR genes have been found to have significant effects on milk yield and composition [24]. Thus, advancements in molecular techniques bring us closer to uncovering the fundamental mechanisms underlying livestock adaptation to diverse environments. However, policymakers play a crucial role in recognizing the significance of the breeding policies derived through countless hours of research and knowledge invested by researchers in propagating the present knowledge towards a sustainable future.




4. Transcriptomics-Based Approach for Studying Molecular Mechanisms of Livestock Adaptation


A delicate equilibrium between an organism and its surroundings is constantly reviewed through the interpretation of environmental cues and the subsequent “adjustments” to the transcriptome that modify the animal’s physiology. Gaining insight into how animals adapt and thrive in their environments often calls for straightforward approaches. One approach can be quantifying transcriptomes under different environments, which can uncover underlying pathways essential for livestock adaptation. Accessibility and affordability continue to promote the rapid expansion of transcriptomics as a science. Transcriptomics is no longer restricted to a select few [25].



Various transcriptomics studies have been conducted to understand the adaptation of livestock to various environments. Namely, a study was carried out on transcriptomic variation in peripheral blood mononuclear cells (PBMCs) in native Ladakhi cattle, which dwell at altitudes of around 3500–5500 m above sea level [26]. The researchers identified genes like ITPRI, INHBC, HECA, GPR171, ABI3, and HIF-1α that were up-regulated in response to hypoxia and stress response at high altitude. Furthermore, the authors validated that genes like HIF-1, EPAS-1, VEGFA, NOS2, and GLUT-1/SLC2A1 in Ladakhi cattle play a major role in high-altitude adaptation. Similarly, a study was conducted revealing cattle’s adaptive capacity to sub-arctic conditions [27]. Authors identified novel genes like BHLHE40 and PRKCG linked to circadian rhythms. The importance of these genes in Yakutian cattle was to metabolically prepare for food scarcity during long winters [28]. Further, a study focused on understanding hepatic transcriptomic adaptation during the transition period in dairy cows [29]. The authors established that the liver’s primary adaptation to the early postpartum period in cows is metabolic, focusing on lipid metabolism, with fatty acid oxidation and mitochondrial activity playing key roles. Further bioinformatics analyses showed that numerous signaling pathways, most notably peroxisome proliferator-activated receptor (PPAR) and adipocytokine signaling, were crucial in the activation of metabolism, particularly lipid, glucose, and amino acid metabolism. In other breeds, the adaptation of cashmere goats to cold in the temperate Himalayan region [30], the drought resistance capacity of camels to the harsh desert environment [31], higher altitude adaptation of yaks [32], hypoxic adaptation of Tibetan chickens [33,34,35,36], and heat resistance mechanisms in buffaloes are further adaptive examples.



Transcriptomics technology could generate helpful information to understand the adaptation mechanisms of resilient breeds and/or species. Its application in tropical animal production may act as a key to the development of adaptation and mitigation strategies for a changing climate. Additionally, transcriptomics offers actionable insights that allow breeders and farmers to integrate molecular findings into breeding, management, and facility adaptations. For example, recent studies have identified several genes essential for thermotolerance, including HSP70 and HSP90, which help cells withstand heat by preventing protein denaturation. Dangi et al. [37] demonstrated that upregulating these genes improves resilience in goats, providing a direct breeding target for thermotolerance. In addition, as mentioned previously, the “slick” prolactin receptor gene (PRLR) mutation first observed in Senepol cattle has been integrated into Holstein dairy cattle to improve thermotolerance. Studies show these Holsteins maintain lower core body temperatures and respiration rates under heat stress, enhancing survival and productivity in tropical environments [18]. This selection process is further streamlined by marker-assisted selection (MAS), which enables breeders to focus on specific resilience markers. For example, the DGAT1 and ABCG2 genes, known for their roles in milk composition and thermotolerance, have been integrated into MAS for dairy cattle. Grisart et al. [23] demonstrated that DGAT1 markers significantly increased milk yield and improved resilience to heat stress, highlighting MAS’s effectiveness in selecting for both productivity and climate resilience. Emerging technologies like CRISPR-Cas9 also allow precise modifications of genes associated with thermotolerance, such as ATP1A1 in dairy cattle. Research has shown that modifying this gene improves cellular resilience to heat, indicating CRISPR’s potential to produce climate-resilient livestock that can sustain productivity under rising temperatures [38].



Supportive policies encouraging the use of transcriptomic data in breeding programs, such as subsidies for thermotolerant genetic markers, would accelerate climate resilience in livestock. Policies that promote MAS, CRISPR, and PLF systems can make sustainable livestock production more accessible and ensure that the industry is equipped to address the challenges posed by climate change. By integrating transcriptomics into breeding, management, and environmental adaptations, the livestock industry is poised to build a robust, climate-adaptive sector capable of meeting future demands in a warming world.




5. Species Differences in Significantly Altered Transcripts in Heat-Stressed Farm Animals


Exploring the molecular mechanisms in animals under heat stress could reveal targets for developing new strategies to enhance animal immunity. In a transcriptome analysis of 10 Holstein bull calves, 8567 genes were differentially regulated in response to heat stress, with 465 genes significantly up-regulated (≥2-fold, p  <  0.05) and 49 genes significantly down-regulated (≤2-fold, p  <  0.05). [39]. Key pathways enriched in response to heat stress include chaperones, co-chaperones, cellular response to heat stress, immune response, apoptosis, Toll-like receptor signaling, Pi3K/AKT activation, protein processing in the endoplasmic reticulum, interferon signaling, estrogen signaling, and MAPK signaling. The authors identified ten highly up-regulated genes following heat exposure, such as heat shock 70 kDa protein 1A (HSPA1A), heat shock 105 kDa/110 kDa protein 1 (HSPH1), heat shock 70 kDa protein 8 (HSPA8), DnaJ (Hsp40) homolog subfamily A, member 1 (DNAJA1), and CDC-like kinase 1 (CDK1). Most of these genes are associated with metabolic processes, catalytic activity, transcription factor activity, enzyme regulation, protein binding, apoptosis, stimulus response, cellular processes, and immune functions. Additionally, heat-responsive genes and pathways were identified in heat-stressed buffalo mammary epithelial cells (MECs) [40]. In heat-stressed MECs, several genes from the heat shock family were elevated, including HSPA6, HSPB8, DNAJB2, and HSPA1A. Beyond heat shock proteins, other elevated genes included BOLA, MRPL55, PFKFB3, PSMC2, ENDODD1, ARID5A, and SENP3. Transcriptome data indicate that these heat-responsive genes are involved in various functional roles, such as immune response, chaperone activity, cell proliferation, and metabolism. Key pathways identified include the electron transport chain, cytochrome P450, apoptosis, IL2 signaling, MAPK, fatty acid synthase, stress-induced HSP regulation, delta Notch signaling, HSP70-modulated apoptosis, EGFR1 signaling, cytokine and inflammatory response, nuclear receptors, oxidative stress, TNF-alpha/NF-kB, and GPCR pathways. This research sheds light on the molecular foundation of the heat stress response in bovine species like cattle and buffalo. To deepen the understanding of post-transcriptional regulation under heat stress in various livestock, examining genetic variations in miRNA target sites and miRNA profiling under stress conditions could be valuable.



A study on sheep was conducted to investigate the genes and pathways that play regulatory roles. The authors observed that stress-related genes, such as Rap1, MAPK, and PI3K-Akt, were significantly enriched in the functional enrichment analysis of differentially expressed genes between heat-stressed and control sheep. Additionally, genes linked to cAMP signaling pathways, including NPR1, ANGPT2, and SLC12A5, were involved in fat regulation mechanisms. For sheep on exposure to heat stress, the mentioned stress-related signaling pathways are capable of forming a complex cascade in response, thereby mitigating the damage caused by such stress. Further, sheep had to mobilize a great deal of energy, which increased catabolism and decreased anabolism proportionally. Therefore, the mobilization of fat in heat-stressed sheep could aid in their adaptation [41]. Similarly, in transcriptomic studies involving chicken, researchers identified 245 differentially expressed genes, of which 230 genes were up-regulated and 15 were down-regulated. HSPs, MYLK2, and BDKRB1 genes were identified as key genes during heat stress as up-regulated differentially expressed genes. Further, the KEGG study revealed connections to the ATP metabolic process, the MAPK signaling pathway, and the calcium signaling pathways, all of which are associated with protein processing and synthesis [42].



Heat stress also affects the fertility of animals. The reproductive decline in boars caused by heat stress is a growing danger to the industry’s bottom line. The US alone witnessed a loss of USD one billion per year in recent years [43]. To understand and address the genes and metabolic mechanisms involved with heat tolerance in pigs, a study identified SLC16A2, MARCHF1, TNFAIP6, RXFP2, and IL15 genes contributing to the heat resistance and immune function activation in pigs when subjected to heat stress [44]. Additionally, distinct co-expression patterns during heat stress were observed between heat-tolerant and heat-susceptible groups. According to the authors, the above-mentioned genes and a few others in the literature can help in the development of biomarkers for heat tolerance ability and provide new insight into the biological mechanisms that underlie heat tolerance in pigs. The impact of heat stress on fertility and embryo development has been the subject of several in vivo and in vitro studies. A study suggested five common genes, namely, E2F8, GATAD2B, BHLHE41, FBXO44, and RAB39B, and various pathways such as glucocorticoid biosynthesis, apoptosis signaling, and HIPPO signaling in GV oocytes, and Oct4 pluripotency, Wnt/beta-catenin signaling, and melatonin degradation, to be significantly affected by heat stress during the embryo’s development through transcriptomic studies [45]. Similarly, during summer, the expressions of various genes, such as HSP90AA1, HSPA1AB, NRF1, POLG2, GDF9, BMP15, and FGF16, were positively associated with the development outcome into blastocysts [46]. Table 1 summarizes the transcriptomics-aided identification of genes associated with heat stress response in farm animals.



The main purpose of analyzing and understanding the transcripts in livestock, especially on exposure to heat stress, can be an effective tool to ameliorate the impacts of climate change, particularly global warming, on livestock and associated sectors. The genes and pathways responsible for thermotolerance in livestock can be exploited and utilized in technologies like CRISPR-Cas9 to edit the complete genome system to produce animals that can sustain the upcoming consequences of heat stress without any compromise to global food security.




6. Differences in Heat Stress-Mediated Significantly Altered Transcripts Between Indigenous and Crossbred/Purebred Animals


Apart from having significance in understanding the molecular mechanism associated with livestock adaptation, RNA-seq technology also aids in comparing the transcriptome profile among breeds [47]. Such breed-wise comparisons provide insight into the high-resolution screening of variations in differential gene expressions, thereby providing a deeper understanding of the functional levels that lead to phenotypic differentiation among the livestock breeds [47]. There are fewer reports on adopting transcriptomics to assess the impact of heat stress in livestock and compare the adaptive differences among livestock breeds. While most studies aimed to understand the transcriptomic profile of a single breed subjected to heat stress (Murciano-Granadina goats [48]; Holstein cows [49]), very limited studies focused on assessing the breed differences [50,51], which, however, is vital to understand the differences in heat stress response and adaptive potential among livestock breeds.



In a recent report, the transcriptomic profile of two Indian cattle breeds, Tharparkar (Indigenous breed) and Vrindhavani (Crossbred), were assessed to understand the system biology governing thermotolerance in indigenous cattle [51]. Both cattle breeds were exposed to acute heat stress, and their PBMC transcriptomic profiles were analyzed. The study reported a notable difference in the number of differentially expressed genes (DEGs) between the two breeds, with 6042 DEGs identified in crossbred cattle compared to 4718 DEGs in the indigenous breed. An interesting finding was the contrasting patterns in gene expression between the breeds: approximately 18.5% of the up-regulated DEGs in the crossbred Vrindavani cattle were down-regulated in the indigenous Tharparkar cattle, and similarly, 17.5% of the up-regulated DEGs in Tharparkar cattle were down-regulated in the crossbred cattle. This study highlighted a significant dysregulation in the biological systems between the breeds and noted differences in the expressions of several heat stress-associated genes, suggesting a stronger heat stress resilience in Tharparkar cattle.



Another study examined the transcriptome response to heat stress in two indigenous chicken ecotypes in Kenya [50]. The two indigenous chicken ecotypes were selected from distinct regions: the lowland (hot and humid Mombasa) and the highland (cooler Naivasha). In addition to examining the differences in response to acute and chronic heat stress, the authors analyzed the variations in heat stress responses between cardiac and skeletal muscle tissues using transcriptomic analysis. The study results revealed a distinct difference in the differentially expressed genes (DEGs) between the lowland and highland chickens. A total of 351 (skeletal muscle) and 384 (cardiac muscle) genes were significantly differentially expressed in lowland chicken due to acute heat stress, while the same for highland chicken was 322 (skeletal muscle) and 184 (cardiac muscle) DEGs. Likewise, differences in DEGs between the two chicken ecotypes were also observed under chronic heat stress. The transcriptome profiling of skeletal and cardiac muscle of lowland chicken under chronic heat stress revealed 142 and 172 DEGs, respectively, to be significantly altered. The significant DEGs altered due to chronic heat stress in highland chicken’s skeletal and cardiac muscles were 180 and 170, respectively. Further studies assessing the types of DEGs altered, the differences at the functional level, and comparative assessment between the chicken ecotypes and types of heat stress reflected differences in the acclimatization rate of lowland and highland chickens. Therefore, a stronger and deeper insight into the heat stress response between two chicken ecotypes was obtained using transcriptomics. To add, recent studies have delved into the innate differences between chicken breeds via single-cell transcriptome analyses [52], shedding light on the genetic mechanisms underlying the adaption, growth, and development of different breeds. To further understand the response to heat stress of chickens, more in-depth research using single-cell transcriptome is warranted.



A transcriptomics approach was also adopted to unravel the underlying heat tolerance mechanism in Turpan black sheep (known for its excellent thermotolerance in China) using heat-sensitive Kazakh sheep as the control [53]. Transcriptome profiling of pituitary, ovarian, and hepatic tissues revealed 32, 49, and 69 DEGs, respectively, to be up-regulated due to heat stress in Turpan black sheep compared to Kazakh sheep. Likewise, 39, 60, and 145 DEGs were down-regulated due to heat stress in the pituitary, ovarian, and hepatic tissues of Turpan black sheep in comparison to Kazakh sheep, respectively. The results obtained from the study provided insight into understanding the adaptability of Turpan black sheep to harsh environments without compromising its fecundity, thereby aiding towards selection for heat resistance.



Therefore, transcriptomic analysis can be considered an effective tool that has the potential to provide a deeper knowledge of the molecular mechanisms governing response to heat stress among livestock breeds. Its added application in screening for thermotolerant breeds that can be used for future breeding programs.




7. Heat Stress-Associated Changes in Clusters of Orthologous Gene (COG) Level Functions in Farm Animals


Recent advances in the field of biotechnology, particularly genome sequencing, have resulted in a rapid enrichment of protein databases; most of the proteins’ functional roles are not yet defined. In this scenario, computational biology plays a major role in striving to find the maximum possible information from the genome sequences, thereby categorizing them based on their homologous relationships and predicting their possible biochemical and physiological functions, three-dimensional structures, and evolutionary origins [54].



Orthologs are genes of different organisms that evolved from a common ancestral gene of the targeted species, and generally, orthologs preserve the same function during evolution. Accurate identification and characterization of orthologs is a critical step for comparative genomic studies and prediction of gene function in newly sequenced genomes [55]. The Clusters of Orthologous Groups of Proteins (COGs) database is an attempt to sort proteins from complete genome sequences based on the orthology concept [56]. COG analysis is commonly used to classify the gene functions based on the homologous classification of gene products using the COG database [54,57].



A study adopted COG analysis to assess the function of the assembled unigenes. Based on the COG analysis, they grouped unigenes into 24 COG functional categories [58]. In the COG categories, the signal transduction mechanisms cluster was the largest, comprising 15.50% of the heat-treated Muscovy duck groups. This high cluster abundance suggests that these genes play an essential regulatory role in senescence and stress responses. Twenty-four categories of clusters were identified via COG analysis of all the proteins identified from the bovine mammary epithelial cells exposed to heat stress conditions. Among the clusters, the general function prediction cluster was the largest group, followed by the lipid transport and metabolism, amino acid transport and metabolism, and carbohydrate transport and metabolism, which were the larger groups [59]. They also identified 95 proteins with COG categories, which were related to lipid metabolism.



A study utilized the eggNOG database to predict protein domains by analyzing the distribution of clusters of orthologous groups in rumen samples from Jersey and Holstein cows [60]. The study found that certain protein domains, such as those associated with energy production and conversion, were more abundant in the control group compared to the heat-stressed group, where heat stress reduced the relative proportion of these genes in Jersey cows. Additionally, COG analysis showed an increased abundance of genes related to defense mechanisms, lipid transport and metabolism, coenzyme transport and metabolism, cell cycle control, cell division, and chromosome maintenance in heat-stressed Holstein cows, while these gene abundances remained unaffected by heat stress in Jersey cows. Heat stress also lowered the relative abundance of genes related to cell motility and extracellular structures in Holstein cows but not in Jersey cows [60].



The study results showed no significant difference in the abundance levels of most COGs between the control and heat-stressed groups in Osmanabadi and Malabari goat breeds [61]. In contrast, the Salem black goat breed exhibited a decrease in the abundance of most COGs in the heat-stressed group compared to the control. COG analysis led to the conclusion that heat stress did not impact the relative abundance of predicted functional rumen metagenome pathways in the Osmanabadi and Malabari breeds. However, the lower abundance of these pathways in heat-stressed Salem black goats suggested this breed’s thermal tolerance capacity.



A study used PICRUSt software to predict gene functions in Tibetan sheep across different seasons, identifying 25 COG gene families in the 16S rRNA gene sequencing data from rumen samples. Of these, 13 gene families showed significant differences between the cold and warm seasons [62]. The study observed a reduction in the abundance of COG gene categories related to carbohydrate transport and metabolism, alongside an increase in COG genes linked to energy production and conversion, meeting the energy demands of sheep during the cold season. This pattern was consistent with findings from the KEGG pathway analysis, where COG gene families involved in sugar biosynthesis and metabolism also increased during colder conditions.



A differential COG analysis of rumen microbiome sequences data revealed about 25 COG protein functional gene categories during April and August. Nine differential COG functional gene families identified were associated with metabolic pathways, which is around 13.67%. The abundance of COG genes related to the amino acid transport and metabolism pathway (7.63%) was significantly increased in April compared to December [63]. The COG functional analysis of rumen microbiota identified the functional classification of COG genes broadly within the area of metabolism, mainly amino acid, carbohydrate, and lipid metabolism and transport. The relative abundance of COG gene families associated with amino acid transport and metabolism was increased by about 51.6%, while there was a 43.8% abundance of COG gene families associated with carbohydrate transport and metabolism. The COG families related to lipid transport and metabolism showed significant increases in abundance, around 50% [64].




8. Heat Stress-Associated Changes in Transcriptomics-Based Stress Pathways at Different KEGG Levels in Ruminants


Transcriptomic analysis was developed based on RNA sequencing (RNA-seq), which can generate a set of expressed genes in a particular tissue, paving the way for determining differentially expressed genes [65]. It can be widely explored for determining differentially expressed genes associated with heat stress. Heat stress transcriptomic data analysis with the KEGG database could pave the way for identifying superior thermotolerant and productive ruminants for future genetic selection. Transcriptomics data facilitate the detection of major genes and pathways involved in heat stress regulation, whereas the KEGG database provides insight into the interactive mechanisms between genes and pathways. This aids in breeding genetically superior thermotolerant animals. Figure 1 describes the application of transcriptomic data analysis using Clusters of Orthologous Groups of proteins (COGs) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database in identifying changes associated with heat stress.



Heat stress causes abnormalities in cell function by disrupting transcription factor mechanisms, which in turn affects protein synthesis and leads to structural defects in proteins [66,67,68]. Transcriptome analysis of genes and pathways responsive to heat stress in Holstein calves identified 31 transcription factors, 13 transcriptional cofactors, and 6 chromatin remodeling factors that were differentially expressed. Transcription factors involved in cell cycle regulation, such as ARID4A, ELF4, HBP1, TFCP2, and TFDP1, were up-regulated, whereas SPDEF was down-regulated [37]. A separate study examined the effects of heat stress on the transcriptome profiles of bovine peripheral white blood cells and milk somatic cells. In peripheral white blood cells, genes associated with fatty acid beta-oxidation, oxidation–reduction, potassium ion transport, and digestion were down-regulated, while genes involved in lipopolysaccharide response, nucleic acid binding, and insulin-like growth factor signaling were up-regulated. The differentially expressed genes were linked to 11 biological pathways, including calcium signaling, ketone body synthesis and degradation, and butanoate metabolism. In milk somatic cells, genes involved in growth factor activity, DNA binding, lipid biosynthesis, and endopeptidase inhibition were down-regulated, whereas those related to lipid metabolism, apoptosis, and stress response were up-regulated. The differentially expressed genes were significantly associated with four biological pathways: Wnt signaling, antigen processing and presentation, and type I diabetes. In both cell types, genes linked to carbohydrate metabolism, oxidative stress, and proteolysis were down-regulated, while those related to oxidation–reduction, apoptosis, and stress response were up-regulated [69].



The impact of summer heat stress on circulating microRNA expression in lactating Holstein cows was analyzed using the KEGG pathway database. This analysis identified 18 statistically significant pathways related to the heat stress response, including the FoxO signaling pathway, regulation of the actin cytoskeleton, peroxisome function, Rap1 signaling pathway, TNF signaling pathway, and chemokine signaling pathway [70]. These pathways are involved in activating heat shock proteins, maintaining energy homeostasis and mitochondrial distribution and activity [71,72,73] heat stress exposed the alterations in cell response to stress, cell death, and branching morphogenesis. It indicated aberrant cellular processes, impaired mammary development, and extended inflammation and immune response [74].



KEGG analysis of transcriptome data of hypothalamus tissue of heat-stressed Hu sheep was undertaken at the levels of cellular processes, metabolism, genetic information processing, environmental information processing, and organismal systems. It revealed that the gene expression profile was highly altered in environmental information processing and organismal systems. Several pathways, such as the calcium and MAPK signaling pathways, were involved in heat stress regulation in Hu sheep. In the metabolism process, genes involved in oxidative phosphorylation were altered. Genetic information processes such as replication, folding, degradation, repair, transcription, translation, and sorting were also affected. Heat stress also alters the genes regulating nervous, endocrine, circulatory, excretory, immune, digestive, and sensory systems at the organismal level [75]. KEGG pathway analysis of transcriptome data on the heat stress response in sheep showed that differentially expressed genes were significantly enriched in 51 pathways associated with fat metabolism, stress responses, and apoptosis [41].



In heat-stressed water buffaloes, transcriptome analysis of blood cells identified differentially expressed genes between heat-tolerant and non-heat-tolerant buffaloes through miRNA-seq analysis. The study investigated the genetic mechanisms of heat tolerance in buffaloes using an mRNA–miRNA interaction network to identify hub genes associated with heat tolerance [34].



The transcriptomic analysis of blood cells in chronically heat-stressed lactating dairy goats revealed that 31 biological pathways were impacted, with 3 pathways up-regulated and 28 down-regulated. The up-regulated pathways were associated with apoptosis and cell death, while the down-regulated pathways were primarily related to immune cell proliferation and migration, lipid metabolism, and tissue repair [48].




9. Classical Molecular Biomarkers for Heat Resilience in Farm Animals


Before diving into this section, let us first define “molecular marker.” Any observable or measurable phenotype, or its genetic foundation used to assess phenotypic variability, can serve as a genetic marker. A molecular marker specifically refers to a DNA variation between individuals that is associated with certain traits [76]. These variations include insertions, deletions, translocations, duplications, and point mutations. Their unique biological properties at any given time make it possible to detect and quantify them in any bodily fluid or tissue [77]. Several molecular markers in farm animals identified for thermoresilience are mentioned below in Table 2.




10. Integrating Omics Approaches for Climate Resilience in Livestock


Integrating transcriptomics with other omics approaches, such as genomics, proteomics, epigenomics, and metabolomics, provides a multi-dimensional framework for enhancing climate resilience in livestock by revealing deeper insights into the molecular mechanisms governing heat tolerance potential [96]. These technologies are considered to be effective tools, especially in the tropical regions, when used in conjunction with advanced molecular and breeding methods [97]. Each omics technology offers a distinct view on the animal’s adaptation mechanism, thereby providing a comprehensive and integrated knowledge on the intricate biological mechanisms underpinning the adaptive processes to the changing climate.



Genomic approaches enable the detection of genetic variations that influence an animal’s ability to withstand heat stress, providing valuable insights into the molecular basis of thermal adaptation [98]. Among the omics approaches, genomics in particular has the potential to improve precision and efficacy of conventional breeding and advanced breeding approaches by enhancing consistency and predictability. Proteomics complements transcriptomics by offering functional insights into how genes translate into biological responses. By studying alterations at the protein level in processes such as energy metabolism, protein stabilization, oxidative stress, and signaling, proteomics provides insights into the molecular mechanisms of heat tolerance. Similarly, metabolomics that studies the metabolic changes helps in understanding the molecular responses to heat stress [99]. These approaches aid in the identification of biomarkers linked to thermotolerance, that serve as valuable tool for improving climate resilience potential.



However, the successful application of omics technology requires proper handling of omics data as well as extensive statistical and bioinformatics understanding [100]. Hence, a more robust study improving data integration methods and analytical tools will ensure more effective and accurate applications in livestock production. In conclusion, a comprehensive approach combining omics technologies can significantly enhance the breeding programs through the incorporation of the precise thermotolerant biomarkers identified through these technologies. This aids in improving the thermotolerance potential in animals to withstand the harsh climatic conditions without losing their production potential. Therefore, such an effort will help in sustaining livestock production to feed the growing human population in the future.




11. Conclusions


Due to the complexity of climate change, no single method alone is sufficient for fully understanding livestock adaptation. Modifications in animal management practices, such as reproduction, nutrition, and health care, are necessary but may only partially bridge the gap toward sustainable livestock production in a changing climate. A more lasting solution lies in genomic selection and effective breeding strategies. However, implementing these strategies requires a thorough understanding of the molecular biomarkers within the population. Transcriptomics is a valuable tool in this regard. By conducting gene expression studies, particularly global mRNA expression profiling, we can gain insights into the mechanisms that regulate livestock phenotypes.



Biological pathways and their regulation are controlled by a network of genes rather than by a single master regulator gene [101]. In this context, complex interactions among genes that respond to both internal and external stimuli play a key role in determining economically important production traits in livestock, rather than any one master gene. Advanced technologies such as RNA-seq, qPCR, and microarrays allow for comprehensive gene expression profiling and targeted gene analysis. Additionally, spatialomics enables spatially resolved gene expression at the single-cell level, which provides insights into complex tissue interactions. CRISPR-Cas9 offers precision genome-editing capabilities, targeting specific genes like ATP1A1 associated with heat resilience. Further, pathway analysis tools like the KEGG database and COG analysis support the exploration of metabolic and stress-response genes, identifying key biological markers for thermoresilience.



The next challenge in utilizing insights from these technologies is to enhance livestock production systems by identifying animals with desirable traits and integrating them into precise breeding programs or management strategies.




12. Future Perspectives


Recently, most of the transcriptomics-based studies were chosen for investigation because of their potential to boost productivity and enhance genetic quality, particularly in the livestock industry. However, spatialomics can be considered the next frontier to unravel complicated livestock traits and gene expressions. Spatialomics combines imaging, single-cell RNA sequencing, proteomics, and other types of analysis, allowing researchers to link between gene expression, protein expression, metabolomics, chromatin state, epigenomics, and other omics data to pinpoint the locations inside a tissue where specific transcripts are expressed and create highly complex images. Through this technology, the rate of genetic improvement can also be accelerated in the livestock sector, which can be more thermoresilient as well as productive in the face of future climatic fluctuations. Differentially expressed molecules identified from the analysis across multiple populations of livestock exposed to different environments will likely be more stout biological markers that can be implemented in future breeding policies.







Author Contributions


Conceptualization, V.S.; writing—original draft preparation, C.G.S.; writing—review and editing, V.S., M.V.S., C.D., A.P.M., E.B.R., G.K., A.S., and F.R.D.; visualization, C.G.S. and V.S.; supervision, V.S.; funding acquisition, F.R.D. All authors have read and agreed to the published version of the manuscript.




Funding


The research received no external funding.




Institutional Review Board Statement


Not applicable.




Informed Consent Statement


Not applicable.




Data Availability Statement


No new data were created or analyzed in this study.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



IPCC. Climate Change 2014: Synthesis Report. In Contribution of Working Groups I, II and III to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Core Writing Team, Pachauri, R.K., Meyer, L.A., Eds.; IPCC: Geneva, Switzerland, 2014. [Google Scholar]

	



IPCC. Climate Change. In Climate Change 2013: The Physical Science Basis: Working Group I Contribution to the Fifth Assessment Report of the Intergovernmental Panel on Climate Change; Stocker, T., Ed.; Cambridge University Press: Cambridge, UK, 2013. [Google Scholar]

	



Garnett, T. Livestock-related greenhouse gas emissions: Impacts and options for policy makers. Environ. Sci. Policy 2009, 12, 491–503. [Google Scholar] [CrossRef]

	



FAOSTAT. Faostat. 2020. Available online: http://www.fao.org/faostat/en/ (accessed on 1 June 2024).

	



The World Bank. World Development Indicators. 2020. Available online: https://datacatalog.worldbank.org/dataset/world-development-indicators (accessed on 1 June 2024).

	



Sejian, V.; Kumar, D.; Gaughan, J.B.; Naqvi, S.M. Effect of multiple environmental stressors on the adaptive capability of Malpura rams based on physiological responses in a semi-arid tropical environment. J. Vet. Behav. 2017, 17, 6–13. [Google Scholar] [CrossRef]

	



Gauly, M.; Bollwein, H.; Breves, G.; Brugemann, K.; Danicke, S.; Das, G.; Demeler, J.; Hansen, H.; Isselsten, J.; Konig, S.; et al. Future Consequences and challenges for dairy cows production systems arising from climate change in Central Europe—A review. Animal 2013, 7, 843–859. [Google Scholar] [CrossRef]

	



Howden, S.M.; Crimp, S.J.; Stokes, C.J. Climate change and Australian livestock systems: Impacts, research and policy issues. Aust. J. Exp. Agric. 2008, 48, 780–788. [Google Scholar] [CrossRef]

	



Henry, B.K.; Eckard, R.J.; Beauchemin, K.A. Review: Adaptation of ruminant livestock production systems to climate changes. Animal 2018, 12, s445–s456. [Google Scholar] [CrossRef]

	



Wang, B.; Kumar, V.; Olson, A.; Ware, D. Reviving the transcriptome studies: An insight into the emergence of single-molecule transcriptome sequencing. Front. Genet. 2019, 10, 384. [Google Scholar] [CrossRef]

	



Godde, C.M.; Mason-D’Croz, D.; Mayberry, D.E.; Thornton, P.K.; Herrero, M. Impacts of climate change on the livestock food supply chain; a review of the evidence. Glob. Food Secur. 2021, 28, 100488. [Google Scholar] [CrossRef]

	



Nardone, A.; Ronchi, B.; Lacetera, N.; Ranieri, M.S.; Bernabucci, U. Effects of climate changes on animal production and sustainability of livestock systems. Livest. Sci. 2010, 130, 57–69. [Google Scholar] [CrossRef]

	



St-Pierre, N.R.; Cobanov, B.; Schnitkey, G. Economic losses from heat stress by US livestock industries. J. Dairy Sci. 2003, 86, 52–77. [Google Scholar] [CrossRef]

	



Gunn, K.M.; Holly, M.A.; Veith, T.L.; Buda, A.R.; Prasad, R.; Rotz, C.A.; Soder, K.J.; Stoner, A.M.K. Projected heat stress challenges and abatement opportunities for U.S. milk production. PLoS ONE 2019, 14, e0214665. [Google Scholar] [CrossRef]

	



Sackett, D.; Holmes, P.; Abbott, K.; Jephcott, S.; Barber, M. Assessing the economic cost of endemic disease on the profitability of Australian beef cattle and sheep producers. MLA Rep. AHW 2006, 87. [Google Scholar]

	



Ouellet, V.; Grenier, P.; Santschi, D.E.; Cabrera, V.E.; Fadul-Pacheco, L.; Charbonneau, É. Projected economic losses from milk performance detriments under heat stress in Quebec dairy herds. Can. J. Anim. Sci. 2020, 101, 242–256. [Google Scholar] [CrossRef]

	



Hansen, P.J. Physiological and cellular adaptations of zebu cattle to thermal stress. Anim. Reprod. Sci. 2004, 82, 349–360. [Google Scholar] [CrossRef] [PubMed]

	



Dikmen, S.E.R.D.A.L.; Khan, F.A.; Huson, H.J.; Sonstegard, T.S.; Moss, J.I.; Dahl, G.E.; Hansen, P.J. The SLICK hair locus derived from Senepol cattle confers thermotolerance to intensively managed lactating Holstein cows. J. Dairy Sci. 2014, 97, 5508–5520. [Google Scholar] [CrossRef]

	



Abdelnour, S.A.; Abd El-Hack, M.E.; Khafaga, A.F.; Arif, M.; Taha, A.E.; Noreldin, A.E. Stress biomarkers and proteomics alteration to thermal stress in ruminants: A review. J. Therm. Biol. 2019, 79, 120–134. [Google Scholar] [CrossRef]

	



Das, R.; Gupta, I.D.; Verma, A.; Singh, A.; Chaudhari, M.V.; Sailo, L.; Upadhyay, R.C.; Goswami, J. Genetic polymorphisms in ATP1A1 gene and their association with heat tolerance in Jersey crossbred cows. Indian J. Dairy Sci. 2015, 68, 50–54. [Google Scholar]

	



Wang, Z.; Wang, G.; Huang, J.; Li, Q.; Wang, C.; Zhong, J. Novel SNPs in the ATP1B2 gene and their associations with milk yield, milk composition and heat-resistance traits in Chinese Holstein cows. Mol. Biol. Rep. 2011, 38, 1749–1755. [Google Scholar] [CrossRef]

	



Cdn.ca. Canadian Dairy Network|Réseau Laitier Canadien. [Online]. 2022. Available online: https://www.cdn.ca/ (accessed on 12 September 2022).

	



Grisart, B.; Coppieters, W.; Farnir, F.; Karim, L.; Ford, C.; Berzi, P.; Cambisano, N.; Mni, M.; Reid, S.; Simon, P.; et al. Positional candidate cloning of a QTL in dairy cattle: Identification of a missense mutation in the bovine DGAT1 gene with major effect on milk yield and composition. Genome Res. 2002, 12, 222–231. [Google Scholar] [CrossRef]

	



Cohen-Zinder, M.; Seroussi, E.; Larkin, D.M.; Loor, J.J.; Everts-Van Der Wind, A.; Lee, J.H.; Drackley, J.K.; Band, M.R.; Hernandez, A.G.; Shani, M.; et al. Identification of a missense mutation in the bovine ABCG2 gene with a major effect on the QTL on chromosome 6 affecting milk yield and composition in Holstein cattle. Genome Res. 2005, 15, 936–944. [Google Scholar] [CrossRef]

	



Martyniuk, C.J. Perspectives on transcriptomics in animal physiology studies. Comp. Biochem. Physiol. Part. B Biochem. Mol. Biol. 2020, 250, 110490. [Google Scholar] [CrossRef]

	



Verma, P.; Sharma, A.; Sodhi, M.; Thakur, K.; Kataria, R.S.; Niranjan, S.K.; Bharti, V.K.; Kumar, P.; Giri, A.; Kalia, S.; et al. Transcriptome analysis of circulating PBMCs to understand mechanism of high altitude adaptation in native cattle of Ladakh region. Sci. Rep. 2018, 8, 7681. [Google Scholar] [CrossRef] [PubMed]

	



Pokharel, K.; Weldenegodguad, M.; Popov, R.; Honkatukia, M.; Huuki, H.; Lindeberg, H.; Peippo, J.; Reilas, T.; Zarovnyaev, S.; Kantanen, J. Whole blood transcriptome analysis reveals footprints of cattle adaptation to sub-arctic conditions. Anim. Genet. 2019, 50, 217–227. [Google Scholar] [CrossRef] [PubMed]

	



Ebling, F.J.; Barrett, P. The regulation of seasonal changes in food intake and body weight. J. Neuroendocrinol. 2008, 20, 827–833. [Google Scholar] [CrossRef] [PubMed]

	



Gao, S.T.; Girma, D.D.; Bionaz, M.; Ma, L.; Bu, D.P. Hepatic transcriptomic adaptation from prepartum to postpartum in dairy cows. J. Dairy Sci. 2021, 104, 1053–1072. [Google Scholar] [CrossRef]

	



Ahlawat, S.; Arora, R.; Sharma, R.; Sharma, U.; Kaur, M.; Kumar, A.; Singh, K.V.; Singh, M.K.; Vijh, R.K. Skin transcriptome profiling of Changthangi goats highlights the relevance of genes involved in Pashmina production. Sci. Rep. 2020, 10, 6050. [Google Scholar] [CrossRef]

	



Zhang, D.; Pan, J.; Cao, J.; Cao, Y.; Zhou, H. Screening of drought-resistance related genes and analysis of promising regulatory pathway in camel renal medulla. Genomics 2020, 112, 2633–2639. [Google Scholar] [CrossRef]

	



Qi, X.; Zhang, Q.; He, Y.; Yang, L.; Zhang, X.; Shi, P.; Yang, L.; Liu, Z.; Zhang, F.; Liu, F.; et al. The transcriptomic landscape of yaks reveals molecular pathways for high altitude adaptation. Genome Biol. Evol. 2019, 11, 72–85. [Google Scholar] [CrossRef]

	



Zhang, Y.; Zheng, X.; Zhang, Y.; Zhang, H.; Zhang, X.; Zhang, H. Comparative transcriptomic and proteomic analyses provide insights into functional genes for hypoxic adaptation in embryos of Tibetan chickens. Sci. Rep. 2020, 10, 11213. [Google Scholar] [CrossRef]

	



Liu, S.; Ye, T.; Li, Z.; Li, J.; Jamil, A.M.; Zhou, Y.; Hua, G.; Liang, A.; Deng, T.; Yang, L. Identifying hub genes for heat tolerance in water buffalo (Bubalus bubalis) using transcriptome data. Front. Genet. 2019, 10, 209. [Google Scholar] [CrossRef]

	



Tian, S.; Zhou, X.; Phuntsok, T.; Zhao, N.; Zhang, D.; Ning, C.; Li, D.; Zhao, H. Genomic Analyses Reveal Genetic Adaptations to Tropical Climates in Chickens. iScience 2020, 23, 101644. [Google Scholar] [CrossRef]

	



Li, D.; Li, Y.; Li, M.; Che, T.; Tian, S.; Chen, B.; Zhou, X.; Zhang, G.; Gaur, U.; Luo, M.; et al. Population Genomics Identifies Patterns of Genetic Diversity and Selection in Chicken. BMC Genom. 2019, 20, 263. [Google Scholar] [CrossRef] [PubMed]

	



Dangi, S.S.; Gupta, M.; Maurya, D.; Yadav, V.P.; Panda, R.P.; Singh, G.; Mohan, N.H.; Bhure, S.K.; Das, B.C.; Bag, S.; et al. Expression profile of HSP genes during different seasons in goats (Capra hircus). Trop. Anim. Health Prod. 2012, 44, 1905–1912. [Google Scholar] [CrossRef] [PubMed]

	



Shandilya, U.K.; Sharma, A.; Sodhi, M.; Mukesh, M. Editing of HSF-1 and Na/K-ATPase A1 Subunit by CRISPR/Cas9 Reduces Thermal Tolerance of Bovine Skin Fibroblasts to Heat Shock in Vitro. Anim. Biotechnol. 2023, 34, 3626–3636. [Google Scholar] [CrossRef] [PubMed]

	



Srikanth, K.; Kwon, A.; Lee, E.; Chung, H. Characterization of genes and pathways that respond to heat stress in Holstein calves through transcriptome analysis. Cell Stress Chaperones 2017, 22, 29–42. [Google Scholar] [CrossRef]

	



Kapila, N.; Sharma, A.; Kishore, A.; Sodhi, M.; Tripathi, P.K.; Mohanty, A.K.; Mukesh, M. Impact of heat stress on cellular and transcriptional adaptation of mammary epithelial cells in riverine buffalo (Bubalus bubalis). PLoS ONE 2016, 11, e0157237. [Google Scholar] [CrossRef]

	



Lu, Z.; Chu, M.; Li, Q.; Jin, M.; Fei, X.; Ma, L.; Zhang, L.; Wei, C. Transcriptomic analysis provides novel insights into heat stress responses in sheep. Animals 2019, 9, 387. [Google Scholar] [CrossRef]

	



Kim, H.; Kim, H.; Seong, P.; Arora, D.; Shin, D.; Park, W.; Park, J.E. Transcriptomic Response under Heat Stress in Chickens Revealed the Regulation of Genes and Alteration of Metabolism to Maintain Homeostasis. Animals 2021, 11, 2241. [Google Scholar] [CrossRef]

	



Mayorga, E.J.; Renaudeau, D.; Ramirez, B.C.; Ross, J.W.; Baumgard, L.H. Heat stress adaptations in pigs. Anim. Front. 2019, 9, 54–61. [Google Scholar] [CrossRef]

	



He, Y.; Maltecca, C.; Tiezzi, F.; Soto, E.L.; Flowers, W.L. Transcriptome analysis identifies genes and co-expression networks underlying heat tolerance in pigs. BMC Genet. 2020, 21, 44. [Google Scholar] [CrossRef]

	



Diaz, F.A.; Gutierrez-Castillo, E.J.; Foster, B.A.; Hardin, P.T.; Bondioli, K.R.; Jiang, Z. Evaluation of Seasonal Heat Stress on Transcriptomic Profiles and Global DNA Methylation of Bovine Oocytes. Front. Genet. 2021, 12, 699920. [Google Scholar] [CrossRef]

	



Ferreira, R.M.; Chiaratti, M.R.; Macabelli, C.H.; Rodrigues, C.A.; Ferraz, M.L.; Watanabe, Y.F.; Smith, L.C.; Meirelles, F.V.; Baruselli, P.S. The infertility of repeat-breeder cows during summer is associated with decreased mitochondrial DNA and increased expression of mitochondrial and apoptotic genes in oocytes. Biol. Reprod. 2016, 94, 66. [Google Scholar] [CrossRef] [PubMed]

	



Pareek, C.S.; Sachajko, M.; Jaskowski, J.M.; Herudzinska, M.; Skowronski, M.; Domagalski, K.; Szczepanek, J.; Czarnik, U.; Sobiech, P.; Wysocka, D.; et al. Comparative Analysis of the Liver Transcriptome among Cattle Breeds Using RNA-seq. Vet. Sci. 2019, 6, 36. [Google Scholar] [CrossRef] [PubMed]

	



Contreras-Jodar, A.; Salama, A.A.; Hamzaoui, S.; Vailati-Riboni, M.; Caja, G.; Loor, J.J. Effects of chronic heat stress on lactational performance and the transcriptomic profile of blood cells in lactating dairy goats. J. Dairy Res. 2018, 85, 423–430. [Google Scholar] [CrossRef] [PubMed]

	



Gao, S.T.; Ma, L.; Zhou, Z.; Zhou, Z.K.; Baumgard, L.H.; Jiang, D.; Bionaz, M.; Bu, D.P. Heat stress negatively affects the transcriptome related to overall metabolism and milk protein synthesis in mammary tissue of midlactating dairy cows. Physiol. Genom. 2019, 51, 400–409. [Google Scholar] [CrossRef]

	



Srikanth, K.; Kumar, H.; Park, W.; Byun, M.; Lim, D.; Kemp, S.; te Pas, M.F.W.; Kim, J.-M.; Park, J.-E. Cardiac and Skeletal Muscle Transcriptome Response to Heat Stress in Kenyan Chicken Ecotypes Adapted to Low and High Altitudes Reveal Differences in Thermal Tolerance and Stress Response. Front. Genet. 2019, 10, 993. [Google Scholar] [CrossRef]

	



Khan, R.I.N.; Sahu, A.R.; Malla, W.A.; Praharaj, M.R.; Hosamani, N.; Kumar, S.; Gupta, S.; Sharma, S.; Saxena, A.; Varshney, A.; et al. Transcriptome profiling in Indian Cattle revealed novel insights into response to heat stress. BioRxiv 2020. [Google Scholar] [CrossRef]

	



Leng, D.; Zeng, B.; Wang, T.; Chen, B.-L.; Li, D.-Y.; Li, Z.-J. Single Nucleus/Cell RNA-Seq of the Chicken Hypothalamic-Pituitary-Ovarian Axis Offers New Insights into the Molecular Regulatory Mechanisms of Ovarian Development. Zool. Res. 2024, 45, 1088. [Google Scholar] [CrossRef]

	



Haire, A.; Bai, J.; Zhao, X.; Song, Y.; Zhao, G.; Dilixiati, A.; Li, J.; Sun, W.Q.; Wan, P.; Fu, X.; et al. Identifying the heat resistant genes by multi-tissue transcriptome sequencing analysis in Turpan Black sheep. Theriogenology 2022, 179, 78–86. [Google Scholar] [CrossRef]

	



Tatusov, R.L.; Galperin, M.Y.; Natale, D.A.; Koonin, E.V. The COG database: A tool for genome-scale analysis of protein functions and evolution. Nucleic Acids Res. 2000, 28, 33–36. [Google Scholar] [CrossRef]

	



Petersen, M.; Meusemann, K.; Donath, A.; Dowling, D.; Liu, S.; Peters, R.S.; Podsiadlowski, L.; Vasilikopoulos, A.; Zhou, X.; Misof, B.; et al. Orthograph: A versatile tool for mapping coding nucleotide sequences to clusters of orthologous genes. BMC Bioinform. 2017, 18, 111. [Google Scholar] [CrossRef]

	



Tatusov, R.L.; Koonin, E.V.; Lipman, D.J. A genomic perspective on protein families. Science 1997, 278, 631–637. [Google Scholar] [CrossRef] [PubMed]

	



Galperin, M.Y.; Koonin, E.V. Who’s your neighbor? New computational approaches for functional genomics. Nat. Biotechnol. 2000, 18, 609–613. [Google Scholar] [CrossRef] [PubMed]

	



Zeng, T.; Zhang, L.; Li, J.; Wang, D.; Tian, Y.; Lu, L. De novo assembly and characterization of Muscovy duck liver transcriptome and analysis of differentially regulated genes in response to heat stress. Cell Stress Chaperones 2015, 20, 483–493. [Google Scholar] [CrossRef]

	



Li, L.; Wang, Y.; Li, C.; Wang, G. Proteomic analysis to unravel the effect of heat stress on gene expression and milk synthesis in bovine mammary epithelial cells. Anim. Sci. J. 2017, 88, 2090–2099. [Google Scholar] [CrossRef]

	



Kim, D.H.; Kim, M.H.; Kim, S.B.; Son, J.K.; Lee, J.H.; Joo, S.S.; Gu, B.H.; Park, T.; Park, B.Y.; Kim, E.T. Differential dynamics of the ruminal microbiome of Jersey Cows in a heat stress environment. Animals 2020, 10, 1127. [Google Scholar] [CrossRef]

	



Sejian, V.; Silpa, M.V.; Trivedi, S.; MR, R.N.; Madiajagan, B.; Govindan, K.; Chinnasamy, D.; Manjunathareddy, G.B.; Malik, P.K.; Soren, N.M.; et al. Heat stress and rumen microbial ecology: Novel insights into goat adaptation. Res. Sq. 2021, 1–23. [Google Scholar] [CrossRef]

	



Liu, X.; Sha, Y.; Dingkao, R.; Zhang, W.; Lv, W.; Wei, H.; Shi, H.; Hu, J.; Wang, J.; Li, S.; et al. Interactions between rumen microbes, VFAs, and host genes regulate nutrient absorption and epithelial barrier function during cold season nutritional stress in Tibetan sheep. Front. Microbiol. 2020, 11, 593062. [Google Scholar] [CrossRef]

	



Lv, W.; Liu, X.; Sha, Y.; Shi, H.; Wei, H.; Luo, Y.; Wang, J.; Li, S.; Hu, J.; Guo, X.; et al. Rumen Fermentation—Microbiota—Host Gene Expression Interactions to Reveal the Adaptability of Tibetan Sheep in Different Periods. Animals 2021, 11, 3529. [Google Scholar] [CrossRef]

	



Mayorga, O.L.; Kingston-Smith, A.H.; Kim, E.J.; Allison, G.G.; Wilkinson, T.J.; Hegarty, M.J.; Theodorou, M.K.; Newbold, C.J.; Huws, S.A. Temporal metagenomic and metabolomic characterization of fresh perennial ryegrass degradation by rumen bacteria. Front. Microbiol. 2016, 7, 1854. [Google Scholar] [CrossRef]

	



Wang, Z.; Gerstein, M.; Snyder, M. RNA-Seq: A revolutionary tool for transcriptomics. Nat. Rev. Genet. 2009, 10, 57–63. [Google Scholar] [CrossRef]

	



Sonna, L.A.; Fujita, J.; Gaffin, S.L.; Lilly, C.M. Invited review: Effects of heat and cold stress on mammalian gene expression. J. Appl. Physiol. 2002, 92, 1725–1742. [Google Scholar] [CrossRef] [PubMed]

	



Thomas, M.C.; Chiang, C.M. The general transcription machinery and general cofactors. Crit. Rev. Biochem. Mol. Biol. 2006, 41, 105–178. [Google Scholar] [CrossRef] [PubMed]

	



Collier, R.J.; Collier, J.L.; Rhoads, R.P.; Baumgard, L.H. Invited review: Genes involved in the bovine heat stress response. J. Dairy Sci. 2008, 91, 445–454. [Google Scholar] [CrossRef]

	



Garner, J.B.; Chamberlain, A.J.; Vander Jagt, C.; Nguyen, T.T.T.; Mason, B.A.; Marett, L.C.; Hayes, B.J. Gene expression of the heat stress response in bovine peripheral white blood cells and milk somatic cells in vivo. Sci. Rep. 2020, 10, 19181. [Google Scholar] [CrossRef]

	



Lee, J.; Lee, S.; Son, J.; Lim, H.; Kim, E.; Kim, D.; Ha, S.; Hur, T.; Lee, S.; Choi, I. Analysis of circulating-microRNA expression in lactating Holstein cows under summer heat stress. PLoS ONE 2020, 15, e0231125. [Google Scholar] [CrossRef]

	



Donovan, M.R.; Marr, M.T. dFOXO activates large and small heat shock protein genes in response to oxidative stress to maintain proteostasis in Drosophila. J. Biol. Chem. 2016, 291, 19042–19050. [Google Scholar] [CrossRef]

	



Kaneko, K.; Xu, P.; Cordonier, E.L.; Chen, S.S.; Ng, A.; Xu, Y.; Fukuda, M. Neuronal Rap1 regulates energy balance, glucose homeostasis, and leptin actions. Cell Rep. 2016, 16, 3003–3015. [Google Scholar] [CrossRef]

	



Akbarian, A.; Michiels, J.; Degroote, J.; Majdeddin, M.; Golian, A.; De Smet, S. Association between heat stress and oxidative stress in poultry; mitochondrial dysfunction and dietary interventions with phytochemicals. J. Anim. Sci. Biotechnol. 2016, 7, 37. [Google Scholar] [CrossRef]

	



Dado-Senn, B.; Skibiel, A.L.; Fabris, T.F.; Zhang, Y.; Dahl, G.E.; Peñagaricano, F.; Laporta, J. RNA-Seq reveals novel genes and pathways involved in bovine mammary involution during the dry period and under environmental heat stress. Sci. Rep. 2018, 8, 11096. [Google Scholar] [CrossRef]

	



Li, Y.X.; Feng, X.P.; Wang, H.L.; Meng, C.H.; Zhang, J.; Qian, Y.; Zhong, J.F.; Cao, S.X. Transcriptome analysis reveals corresponding genes and key pathways involved in heat stress in Hu sheep. Cell Stress Chaperones 2019, 24, 1045–1054. [Google Scholar] [CrossRef]

	



Singh, U.; Deb, R.; Alyethodi, R.R.; Alex, R.; Kumar, S.; Chakraborty, S.; Dhama, K.; Sharma, A. Molecular markers and their applications in cattle genetic research: A review. Biomark. Genom. Med. 2014, 6, 49–58. [Google Scholar] [CrossRef]

	



Haley, C.; De Koning, D.J. Genetical genomics in livestock: Potentials and pitfalls. Anim. Genet. 2006, 37, 10–12. [Google Scholar] [CrossRef] [PubMed]

	



Mondal, T.; Avishek, P.; Dangi, S.S.; Bag, S.; Sarkar, M.; Das, B.C. Expression kinetics of heat-induced genes and possible crosstalk between them in black Bengal goat. Biol. Rhythm Res. 2020, 51, 1243–1258. [Google Scholar] [CrossRef]

	



Kumar, J.; Yadav, B.; Madan, A.K.; Kumar, M.; Sirohi, R.; Reddy, A.V. Dynamics of heat-shock proteins, metabolic and endocrine responses during increasing temperature humidity index (THI) in lactating Hariana (Zebu) cattle. Biol. Rhythm Res. 2020, 51, 934–950. [Google Scholar] [CrossRef]

	



Hassan, F.U.; Nawaz, A.; Rehman, M.S.; Ali, M.A.; Dilshad, S.M.; Yang, C. Prospects of HSP70 as a genetic marker for thermo-tolerance and immuno-modulation in animals under climate change scenario. Anim. Nutr. 2019, 5, 340–350. [Google Scholar] [CrossRef]

	



Aleena, J.; Sejian, V.; Bagath, M.; Krishnan, G.; Beena, V.; Bhatta, R. Resilience of three indigenous goat breeds to heat stress based on phenotypic traits and PBMC HSP70 expression. Int. J. Biometeorol. 2018, 62, 1995–2005. [Google Scholar] [CrossRef]

	



Basiricò, L.; Morera, P.; Primi, V.; Lacetera, N.; Nardone, A.; Bernabucci, U. Cellular thermotolerance is associated with heat shock protein 70.1 genetic polymorphisms in Holstein lactating cows. Cell Stress Chaperones 2011, 16, 441–448. [Google Scholar] [CrossRef]

	



Sharma, P.; Sharma, A.; Sodhi, M.; Verma, P.; Parvesh, K.; Swami, S.K.; Jast, A.; Shandilya, U.K.; Mukesh, M. Characterizing binding sites of heat responsive microRNAs and their expression pattern in heat stressed PBMCs of native cattle, exotic cattle and riverine buffaloes. Mol. Biol. Rep. 2019, 46, 6513–6524. [Google Scholar] [CrossRef]

	



Do Amaral, B.C.; Connor, E.E.; Tao, S.; Hayen, J.; Bubolz, J.; Dahl, G.E. Heat-stress abatement during the dry period: Does cooling improve transition into lactation? J. Dairy Sci. 2009, 92, 5988–5999. [Google Scholar] [CrossRef]

	



Salama, A.A.K.; Duque, M.; Wang, L.; Shahzad, K.; Olivera, M.; Loor, J.J. Enhanced supply of methionine or arginine alters mechanistic target of rapamycin signaling proteins, messenger RNA, and microRNA abundance in heat-stressed bovine mammary epithelial cells in vitro. J. Dairy Sci. 2019, 102, 2469–2480. [Google Scholar] [CrossRef]

	



Bharati, J.; Dangi, S.S.; Mishra, S.R.; Chouhan, V.S.; Verma, V.; Shankar, O.; Bharti, M.K.; Paul, A.; Mahato, D.K.; Rajesh, G.; et al. Expression analysis of toll like receptors and interleukins in Tharparkar cattle during acclimation to heat stress exposure. J. Therm. Biol. 2017, 65, 48–56. [Google Scholar] [CrossRef] [PubMed]

	



Chauhan, S.S.; Rashamol, V.P.; Bagath, M.; Sejian, V.; Dunshea, F.R. Impacts of heat stress on immune responses and oxidative stress in farm animals and nutritional strategies for amelioration. Int. J. Biometeorol. 2021, 65, 1231–1244. [Google Scholar] [CrossRef] [PubMed]

	



Yasoob, T.B.; Khalid, A.R.; Zhang, Z.; Zhu, X.; Hang, S. Liver transcriptome of rabbits supplemented with oral Moringa oleifera leaf powder under heat stress is associated with modulation of lipid metabolism and up-regulation of genes for thermo-tolerance, antioxidation, and immunity. Nutri. Res. 2022, 99, 25–39. [Google Scholar] [CrossRef] [PubMed]

	



McManus, C.M.; Lucci, C.M.; Maranhão, A.Q.; Pimentel, D.; Pimentel, F.; Paiva, S.R. Response to Heat Stress for Small Ruminants: Physiological and Genetic Aspects. Livest. Sci. 2022, 263, 105028. [Google Scholar] [CrossRef]

	



Calamari, L.U.I.G.I.; Petrera, F.; Abeni, F.; Bertin, G. Metabolic and hematological profiles in heat stressed lactating dairy cows fed diets supplemented with different selenium sources and doses. Livest. Sci. 2011, 142, 128–137. [Google Scholar] [CrossRef]

	



Coleman, D.N.; Totakul, P.; Onjai-Uea, N.; Aboragah, A.; Jiang, Q.; Vailati-Riboni, M.; Pate, R.T.; Luchini, D.; Paengkoum, P.; Wanapat, M.; et al. Rumen-protected methionine during heat stress alters mTOR, insulin signaling, and 1-carbon metabolism protein abundance in liver, and whole-blood transsulfuration pathway genes in Holstein cows. J. Dairy Sci. 2022, 105, 7787–7804. [Google Scholar] [CrossRef]

	



Kaur, R.; Sharma, A.; Sodhi, M.; Swami, S.K.; Sharma, V.L.; Kumari, P.; Verma, P.; Mukesh, M. Sequence characterization of alpha 1 isoform (ATP1A1) of Na+/K+-ATPase gene and expression characteristics of its major isoforms across tissues of riverine buffaloes (Bubalus bubalis). Gene Rep. 2018, 10, 97–108. [Google Scholar] [CrossRef]

	



Liu, Y.; Li, D.; Li, H.; Zhou, X.; Wang, G. A novel SNP of the ATP1A1 gene is associated with heat tolerance traits in dairy cows. Mol. Biol. Rep. 2011, 38, 83–88. [Google Scholar] [CrossRef]

	



Correa-Calderón, A.; Avendaño-Reyes, L.; López-Baca, M.; Macías-Cruz, U. Heat stress in dairy cattle with emphasis on milk production and feed and water intake habits. Review. Rev. Mex. De Cienc. Pecu. 2022, 13, 488–509. [Google Scholar] [CrossRef]

	



Khalid, A.R.; Yasoob, T.B.; Zhang, Z.; Zhu, X.; Hang, S. Dietary Moringa oleifera leaf powder improves jejunal permeability and digestive function by modulating the microbiota composition and mucosal immunity in heat stressed rabbits. Environ. Sci. Pollut. Res. 2022, 29, 80952–80967. [Google Scholar] [CrossRef]

	



Sejian, V.; Silpa, M.V.; Chauhan, S.S.; Bagath, M.; Devaraj, C.; Krishnan, G.; Nair, M.R.; Anisha, J.P.; Manimaran, A.; Koenig, S.; et al. Eco-intensified breeding strategies for improving climate resilience in goats. In Ecological Intensification of Natural Resources for Sustainable Agriculture; Springer: Berlin/Heidelberg, Germany, 2021; pp. 627–655. [Google Scholar]

	



Ribeiro, D.M.; Salama, A.A.; Vitor, A.C.; Argüello, A.; Moncau, C.T.; Santos, E.M.; Caja, G.; de Oliveira, J.S.; Balieiro, J.C.; Hernández-Castellano, L.E.; et al. The application of omics in ruminant production: A review in the tropical and sub-tropical animal production context. J. Proteom. 2020, 227, 103905. [Google Scholar] [CrossRef] [PubMed]

	



Strandén, I.; Kantanen, J.; Russo, I.R.M.; Orozco-terWengel, P.; Bruford, M.W.; Climgen Consortium. Genomic selection strategies for breeding adaptation and production in dairy cattle under climate change. Heredity 2019, 123, 307–317. [Google Scholar] [CrossRef] [PubMed]

	



Min, L.; Zhao, S.; Tian, H.; Zhou, X.; Zhang, Y.; Li, S.; Yang, H.; Zheng, N.; Wang, J. Metabolic responses and “omics” technologies for elucidating the effects of heat stress in dairy cows. Int. J. Biometeorol. 2017, 61, 1149–1158. [Google Scholar] [CrossRef] [PubMed]

	



Chakraborty, D.; Sharma, N.; Kour, S.; Sodhi, S.S.; Gupta, M.K.; Lee, S.J.; Son, Y.O. Applications of omics technology for livestock selection and improvement. Front. Genet. 2022, 13, 774113. [Google Scholar] [CrossRef]

	



Cassar-Malek, I.; Picard, B.; Bernard, C.; Hocquette, J.F. Application of gene expression studies in livestock production systems: A European perspective. Aust. J. Exp. Agric. 2008, 48, 701–710. [Google Scholar] [CrossRef]








[image: Biotech 13 00049 g001] 





Figure 1. Application of transcriptomic data analysis using Clusters of Orthologous Groups of proteins (COGs) and Kyoto Encyclopedia of Genes and Genomes (KEGG) database in identifying changes associated with heat stress. 
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Table 1. Transcriptome analysis-identified genes associated with farm animal heat stress response.
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	Species
	Genes Identified Through Transcriptome Analysis
	Function
	References





	Bovine
	Heat Shock 70 kDa Protein 1A (HSPA1A), Heat Shock 105 kDa/110 kDa Protein 1 (HSPH1), Heat Shock 70 kDa Protein 8 (HSPA8), DnaJ (Hsp40) homolog, subfamily A, member 1 (DNAJA1), and CDC-like kinase 1 (CDK1)
	Metabolic process, catalytic activity, transcription factor activity, enzyme regulatory activity, protein binding, apoptotic process, stimulus response, cellular process, and immune system process
	[35]



	Bubaline
	Heat Shock 70 kDa Protein (HSPA6), Heat Shock 22 kDa Protein (HSPB8), DnaJ (Hsp40) homolog, subfamily B, member 2 (DNAJB2), heat shock 70 kDa protein 1A (HSPA1A), MHC class I heavy chain (BOLA), mitochondrial ribosomal protein L55 (MRPL55), 6-phosphofructo-2-kinase/fructose-2,6-biphosphatase 3 (PFKFB3), proteasome (prosome, macropain) 26S subunit, ATPase, 2 (PSMC2), endonuclease domain-containing 1 (ENDODD1), AT rich interactive domain 5A (MRF1-like) (ARID5A), and SUMO1/sentrin/SMT3 specific peptidase 3 (SENP3)
	Immune response, chaperon activity, cell proliferation, and metabolism
	[36]



	Ovine
	Rap1, mitogen-activated protein kinase (MAPK), phosphatidylinositol 3-kinase and protein kinase B (PI3K-AKt), natriuretic peptide receptor 1 (NPR1), angiopoietin 2 (ANGPT2), and sodium-dependent citrate transporter member 5 (SLC12A5)
	Fat regulation mechanism
	[37]



	Poultry
	Heat Shock Proteins (HSPs), myosin light chain kinase 2 (MYLK2), and Bradykinin receptor B1 (BDKRB1)
	Protein processing and synthesis
	[38]



	Swine
	Solute carrier family 16 member 2 (SLC16A2), membrane-associated ring-CH-type finger 1 (MARCHF1), TNF alpha-induced protein 6 (TNFAIP6), relaxin/insulin-like family peptide receptor 2 (RXFP2), and interleukin 15 (IL15)
	Heat resistance, inflammatory response, and immune function activation
	[40]










 





Table 2. Molecular biomarkers for thermoresilience in various farm animals.
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Gene

	
Description

	
Function

	
Animals

	
References






	
HSP27/HSPB1

	
Heat shock protein 27

	
Protects cells from cytotoxic effects of protein misfold

	
Cattle, Goat, Buffalo

	
[40,78,79,80,81,82]




	
HSP40/DNAJB1

	
Heat shock protein 40

	
Stimulate ATPase activity of Hsp70.




	
HSP60/HSPD1

	
Heat shock protein 60

	
Transportation and refolding of proteins




	
HSP70/HSPA1A

	
Heat shock protein 70

	
For protein folding and help to protect cells from stress.




	
HSP90AB1

	
Heat shock protein 90

	
Signal transduction, protein folding, Protein degradation, and morphologic evolution




	
HSF1

	
Heat Shock Factor 1

	
Primary mediator of transcriptional responses to proteotoxic stress with important roles in non-stress regulation such as development and metabolism.

	
Goat, Cattle

	
[77,83]




	
ACACA

	
Acetyl-CoA carboxylase alpha

	
Fatty acid metabolism; Lipoprotein lipase (LPL) is the enzyme in milk responsible for enzymatic lipolysis, i.e., the hydrolysis of fatty acids from triglycerides and phospholipids in the milk

	
Cattle

	
[74,84,85]




	
FASN

	
Fatty acid synthase




	
LPL

	
Lipoprotein lipase




	
TLR2

	
Toll-like receptor 2

	
Toll-like receptor 2 (TLR 2) and Toll-like receptor 4 (TLR 4) recognize the damage-associated molecular patterns (DAMPs) to produce several pro-inflammatory cytokines to evoke the host immune response during heat stress

	
Cattle

	
[19,86,87]




	
TLR4

	
Toll-like receptor 4




	
DUSP1

	
Dual specificity protein

phosphatase 1

	
Regulates MAPKs activity and play an important role in the cellular response to

environmental stress.

	
Buffalo, Cattle, Sheep, and Goat

	
[40,88,89]
