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The study aimed to investigate the effects of short-term heat stress on physiological, hematological, immunological, and metabolomic responses in Florida Cracker ewes. Fourteen Florida Cracker ewes were randomly assigned to either heat stress (HT) or cooling (control, CTL) conditions, respectively, for a duration of six weeks during the summer season. Ambient temperature and relative humidity data for HT and CTL ewes were recorded weekly to estimate temperature humidity index (THI). Respiration rate and rectal temperature were measured for each experimental ewe. Blood samples were collected from each ewe at baseline (week 0) and at week 1, 2, 3, 4, 5 and 6 post-exposure for hematology analysis and plasma extraction. Plasma samples were used for analysis of IgA level and to conduct targeted metabolomics. Targeted metabolomics analyzed a total of 50 metabolites, including organic acids, amino acids, hexoses, lipids, and carnitines. The THI for the HT and CTL groups ranged from 81.3 – 89.5 and from 73.5 – 75.6, respectively. The HT group exhibited a significant increase (P < 0.05) in respiratory rate compared to the CTL group. No significant changes were observed in rectal temperature or IgA levels between the experimental groups. Hematology analysis revealed a significant increase (P < 0.05) in neutrophil count and neutrophil percentage (%) and a decrease in lymphocyte percentage (%) at week 3 in the HT group. Targeted metabolomics analysis identified 19 differentially abundant metabolites between the HT and CTL groups. Pathway enrichment analysis showed upregulation of fatty acid biosynthesis, glutathione metabolism, primary bile biosynthesis, porphyrin metabolism, and glycine, serine, and threonine metabolism (P ≤ 0.05) in the HT group compared to CTL. Our findings highlight that short-term heat stress alters the immunological, hematological, and metabolomic profile of Florida Cracker ewes. Understanding these changes can contribute to developing effective management strategies to mitigate the detrimental impact of heat stress on sheep operations in the southern U.S.
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1 Introduction

Heat stress is one of the major limiting factors for sustainable sheep production (Marai et al., 2007; Slimen et al., 2019). In sheep, exposure to heat stress causes reduction in feed intake and digestive capacity which compromises nutrient absorption and metabolism (Belhadj Slimen et al., 2016). Additionally, increased respiration rate and induction of oxidative stress responses has been observed in this species (Marai et al., 2007; Belhadj Slimen et al., 2016; Slimen et al., 2019). These alterations have a negative impact on body weight, body condition score, dry matter intake, and immune response (Marai et al., 2007) and vary depending on breed (Slimen et al., 2019). and U.S. region (Tadesse et al., 2019). For example, previous studies on St. Croix, Katahdin, and Dorper sheep have identified breed-specific differences in body weight under heat stress, with St. Croix sheep showing the lowest body weight, followed by Dorper and then Katahdin breeds (Tadesse et al., 2019). Similar results were also reported for body condition score among these sheep breeds. Additionally, these authors noted that sheep from the Southeast U.S exhibited lower body weights compared to those from the Midwest and Northwest regions (Tadesse et al., 2019). In beef and dairy cattle, previous research has shown that heat stress causes alterations of neutrophil and lymphocyte populations, making animals more susceptible to infections (Strong et al., 2015; Bagath et al., 2019; Dahl et al., 2020; Abduch et al., 2022).

Environmental parameters such as barn temperature and humidity are commonly used for predicting heat stress in livestock, however, they do not directly measure the metabolic changes in the animals due to heat stress. Additional physiological parameters, such as rectal temperature, respiratory rate and heart rate are integrated with environmental parameters to diagnose heat stress in livestock (Slimen et al., 2019). However, these indicators can vary significantly based on the animal´s physiological stage and health status. Indirect biomarkers of heat stress may provide diagnostic value and enhance our understanding of the associated metabolic and physiological changes. Plasma metabolites and immunological status serve as valuable biomarkers for diagnosing and identifying heat stress adaptation in farm animals because they could reflect the physiological and metabolic adjustment animals make in response to heat stress (Jorge-Smeding et al., 2024).

Utilization of thermotolerant livestock is one of the strategies to mitigate heat stress in sustainable operations. Adaptation to heat stress has been observed in some livestock species, such as cattle and sheep (Beatty et al., 2006; Fadare et al., 2012; Dikmen et al., 2014). Florida Cracker sheep is a heritage breed well-adapted to the subtropical climate of Florida and offers a unique opportunity to study the biological responses to heat stress. This breed is used for meat purposes and evolved under natural selection for more than five centuries in Florida, U.S. Despite their adaptation, the physiological, hematological, immunological, and metabolomic responses of Florida Cracker sheep to heat stress remain unknown. This study aims to fill these knowledge gaps by systematically investigating the effects of heat stress on the physiological, hematological, immunological, and metabolomic responses in Florida Cracker sheep. Therefore, the objective of this study was to determine the effect of short-term heat stress on physiological, hematological, immunological and metabolomic responses in Florida Cracker sheep.




2 Materials and methods



2.1 Animal population and collection of physiological measures

The research protocol was approved by the Institutional Animal Care and Use Committee (Approval number LA23-0019) of North Carolina Agricultural and Technical State University. A total of fourteen ewes (2 years old) were allocated to heat stress (HT, n = 7) or cooling (CTL, n = 7) conditions for six weeks during the summer season (July – August) of 2023. Experimental ewes were free of gastrointestinal parasites or other infectious diseases prior and during the experimental period. Treatment groups (HT and CTL) were grouped in concrete floor pens with similar dimensions and characteristics and had access to shelter, food, and freshwater ad libitum. The HT pen was exposed to regular ambient temperatures and the cooling pen was equipped with an evaporative cooling fan. Two data loggers were placed on both sides of the HT and CTL pens to record daily ambient temperature and relative humidity of HT and CTL pens at 1500 h and to estimate temperature humidity index (THI) using the following formula (National Research Council, 1971):

THI = (1.8 x T + 32) – ((0.55 – 0.0055 x RH) x (1.8 x T – 26.8)),

where T = dry bulb temperature (°C) and RH= relative humidity (percent).

The respiratory rate and rectal temperature were recorded daily from 1400 to 1500 h on each experimental ewe. The respiratory rate was measured by counting the number of flank movements in one minute with the help of a chronograph, and the rectal temperature was measured with a digital veterinary thermometer.




2.2 Blood and IgA analysis

Two blood samples were collected by jugular venipuncture using EDTA vacutainer tubes and 21-gauge needles from each ewe at baseline (week 0) and at week 1, 2, 3, 4, 5 and 6 post-exposure. Blood samples were placed in an ice bucket and transported to the laboratory for further analysis. The first blood sample was used to perform a full hematology analysis using the Vetscan HM5 (Zoetis, Parsippany, New Jersey). The second blood sample was centrifuged at 3,600 rpm for 15 minutes for plasma separation. Then, two aliquots of plasma were stored at -80°C for analysis of IgA levels and targeted metabolomics. For IgA analysis, plasma samples were thawed over night at 4°C prior to assessment, and a commercial kit (Biotang Inc, Sheep IgA ELISA kit) was used following the manufacturer’s instructions. A total of 50 μL of plasma was added to each well of the ELISA plate (96 wells). Then, HRP-conjugate (50 μL) was added to each well and the plate incubated for 30 minutes at 37°C. The wells were aspirated washed five times with Wash Buffer using a squirt bottle. A total of 90 μL of TMB Substrate was added to each well and incubated for 20 minutes at 37°C. For this step, plates were protected from light to avoid degradation of the substrate. To stop the reaction, 50 μL of Stop Solution was added to each well. Optical density of each well was determined within five minutes using a microplate reader set to 450 nm.




2.3 Targeted metabolomics

The second aliquot of plasma was used for targeted metabolomics. Targeted metabolomics was performed by Nuclear Magnetic Resonance (NMR) spectroscopy to quantify a total of 50 metabolites, including organic acids, amino acids, hexoses, lipids, and carnitines (Supplementary Table 1). The procedures for plasma sample preparation and the NMR spectral analysis followed the methods used by Ogunade et al. (2018). Plasma samples collected at weeks 1, 2, 3, 4, 5 and 6 were pooled within each group and deproteinized using ultrafiltration and the modified protocol of Psychogios et al. (2011). Deproteinization was used to remove proteins and lipoproteins from plasma samples. Then, a total of 160 μL of plasma sample was mixed with 40 μL of a standard buffer solution (54% D2O and 46% 250 mM KH2PO4 at pH 7.0). The mixture was transferred into a 3 mm SampleJet NMR tube for further spectral analysis. The 1H-NMR spectra were obtained utilizing a 700 MHz Avance III spectrometer. The processing of the 1H-NMR spectra was performed using Bayesil (automated analysis software).




2.4 Statistical analysis

For the statistical analysis of the physiological, hematological, and immunological parameters, a mixed model with repeated measures was used. Fixed effects included treatment (HT or CTL), week (1 - 6), and the treatment by week interaction. Animal was fitted as a random effect and the baseline data (week 0) was used as a covariate. The variance-covariance structure with the best fit was unstructured (showed the lowest Bayesian information criterion (BIC), Akaike information criterion (AIC), and the Akaike information criterion corrected (AICc). Data from targeted metabolomics was analyzed using Metaboanalyst 5.0 software (Xia and Wishart, 2016). Prior to the statistical analysis, the data were log-transformed and auto-pareto scaled. A PLS-DA scores plot was used to evaluate the level of separation between HT and CTL groups of animals using the first two principal components. Then, differentially abundance analysis was performed and a VIP scores plot was generated. To determine the metabolic pathways that were differentially (FDR ≤ 0.05) altered in the HT group compared to CTL, pathway enrichment analysis using KEGG (Kyoto Encyclopedia of Genes and Genomes) database was performed.





3 Results



3.1 Temperature humidity index and physiological, hematological and immunological measures

The THI between the HT and CTL groups was compared. These results are presented in Figure 1. The THI for the HT and CTL groups ranged from 81.3 – 87.9 and from 73.5 – 75.6, respectively. For the HT group, the highest THI (87.9) was observed in week 3 followed by week 2 (85.8) and week 5 (84.8).

[image: Line graph showing Temperature Humidity Index (THI) over six weeks for CTL (blue, dashed line) and HT (red, solid line). HT consistently higher, peaking around weeks two and five, with significant differences marked by asterisks.]
Figure 1 | Temperature humidity index (THI) in heat stress (HT) and control (CTL) Florida Cracker ewes. * = p-value < 0.05.

No significant differences in rectal temperature or IgA levels were observed among the experimental groups (Table 1). However, a significant difference in respiratory rate was found between the HT and CTL groups. The respiratory rate was greater (P < 0.05) in the HT group (Table 1) on week 2, 3, 4, 5 and 6 when compared to the CTL group (Figure 2). For hematological data (Table 1), a significant (P < 0.05) increase of neutrophil % and a decrease in lymphocyte % was observed for the HT group relative to CTL at week 3 (Figures 3, 4).


Table 1 | Effects of short-term heat stress on respiratory rate (No. flank movements/minute), rectal temperature (°C), white blood cell count (WBC, 109/L), lymphocyte count (LYM, 109/L), monocyte count (MON, 109/L), neutrophil count (NEU, 109/L), lymphocyte percentage (LYM%, %), neutrophil percentage (NEU%, %), red blood cell count (RBC, 1012/L), hemoglobin level (HGB, g/dL), hematocrit (HCT, %), mean corpuscular volume (MCV, fL), mean corpuscular hemoglobin concentration (MCHC, g/dL), erythrocyte distribution width (RDW, %), platelet count (PLT, 109/L), mean platelet volume (MPV, fL), procalcitonin (PCT, %), and platelet distribution width (PDW, %) in Florida Cracker ewes.
	Item
	Ewe Group
	P-value


	Control
	Heat
	SEM
	Trt
	Week
	Trt x Week



	Respiratory rate (No. flank movements/minute)
	130
	169
	2.85
	<0.01
	<0.01
	<0.01


	Rectal temperature (°C)
	103
	103
	0.27
	0.35
	0.39
	0.41


	IgA (ng/μL)
	11.9
	12.2
	0.41
	0.59
	0.64
	0.09


	WBC (109/L)
	9.19
	10.23
	0.76
	0.1
	0.05
	0.79


	LYM (109/L)
	7.63
	7.48
	0.54
	0.21
	0.22
	0.82


	MON (109/L)
	0.04
	0.05
	0.004
	0.31
	0.31
	0.57


	NEU (109/L)
	1.89
	2.64
	0.43
	0.34
	<0.01
	<0.01


	LYM% (%)
	79.7
	76.3
	2.65
	0.74
	<0.01
	<0.01


	NEU% (%)
	18.8
	23.3
	2.65
	0.63
	<0.01
	<0.01


	RBC (1012/L)
	11.5
	11.1
	0.13
	0.29
	<0.01
	0.85


	HGB (g/dL)
	12.1
	11.8
	0.2
	0.55
	<0.01
	0.65


	HCT (%)
	33.9
	32.9
	0.52
	0.96
	<0.01
	0.79


	MCV (fL)
	29.3
	29.6
	0.1
	0.01
	<0.01
	0.65


	MCHC (g/dL)
	35.4
	35.6
	0.4
	0.34
	<0.01
	0.27


	RDW (%)
	26
	25.5
	0.18
	0.19
	0.34
	0.55


	PLT (109/L)
	157
	152
	18.1
	0.13
	0.55
	0.21


	MPV (fL)
	6.35
	6.5
	0.2
	0.12
	0.18
	0.56


	PCT (%)
	0.096
	0.097
	0.01
	0.22
	0.37
	0.29


	PDW (%)
	25.2
	25.5
	0.3
	0.41
	0.26
	0.55


	PDWS (fL)
	6.35
	6.75
	0.2
	0.41
	0.14
	0.89







[image: Line graph showing respiration rates over six weeks. The y-axis represents respiration rate in flank movements per minute, ranging from 100 to 220. The x-axis shows weeks one to six. The red line (HT) increases, peaking at week five, then decreases. The blue dashed line (CTL) follows a similar pattern but remains lower. Asterisks indicate significant differences between groups.]
Figure 2 | Respiration rate in heat stress (HT) and control (CTL) Florida Cracker ewes. * = p-value < 0.05.

[image: Line graph comparing neutrophil percentages over six weeks between CTL (blue dashed line with circles) and HT (red solid line with squares). HT shows a peak at week three. Error bars are included.]
Figure 3 | Neutrophil percentage (%) in heat stress (HT) and control (CTL) Florida Cracker ewes. * = p-value < 0.05.

[image: Line graph displaying lymphocyte percentage over six weeks for two groups: CTL (blue dashed line) and HT (red solid line). CTL fluctuates around 80%, while HT peaks at week 2, dips significantly at week 3, and returns to around 80% by week 6. Error bars represent variability, and an asterisk marks significance between weeks 2 and 3.]
Figure 4 | Lymphocyte percentage (%) in heat stress (HT) and control (CTL) Florida Cracker ewes. * = p-value < 0.05.




3.2 Targeted metabolomics

Targeted metabolomics was performed to detect and quantify total of 50 metabolites in plasma samples of experimental groups (Supplementary file 1). The PLS-DA plot showed a slight separation between HT and CTL groups. The first and second principal components explained 48.7% and 12.1% of the total variance observed between groups, respectively (Figure 5). The results of the VIP scores plot analysis revealed a total of 19 differentially abundant (VIP > 1) metabolites between CTL and HT animals (Figure 6). Compared to the control, plasma concentrations of 18 metabolites, such as malonate, betaine, glycine, ornithine, citric acid, glucose, and sarcosine were greater in HT ewes, whereas the plasma concentration of lactic acid was lower in HT sheep (Figure 6). To determine the metabolic pathways that were altered in the HT group compared to CTL, a pathway enrichment analysis using KEGG was performed. Results of the pathway analysis of all metabolites revealed that fatty acid biosynthesis, glutathione metabolism, primary bile biosynthesis, porphyrin metabolism, and glycine, serine, and threonine metabolism were upregulated (P ≤ 0.05) in HT compared to CTL sheep (Figure 7). The Figure 8 shows the overall changes observed in peripheral blood and plasma, and in respiratory rate in Florida Cracker ewes exposed to heat stress.

[image: Scatter plot titled “Scores Plot” showing two components. Component 1 on the x-axis accounts for 48.7% variance, and Component 2 on the y-axis accounts for 12.1%. Data points are differentiated by color, with pink for CTL and green for HT, each surrounded by elliptical confidence regions.]
Figure 5 | PLS-DA scores plot of plasma metabolome of heat stress (HT) and control (CTL) Florida Cracker ewes. The PLS-DA scores plot shows a slight separation between HT and CTL ewes.

[image: Graph showing VIP scores for various compounds on the x-axis, including malonate, betaine, and glycine, with scores ranging from 1.1 to 1.8. A heat map on the right indicates metabolite abundance  from low to high, labeled CTL and HT.]
Figure 6 | VIP scores plot of the differentially abundant metabolites between heat stress (HT) and control (CTL) Florida Cracker ewes.

[image: Scatter plot titled “Overview of Enriched Metabolite Sets (Top 25)” displaying metabolic pathways based on -log10 p-value and enrichment ratio. The color gradient from yellow to red indicates p-value significance, while circle size represents the enrichment ratio, ranging from two to five. Key pathways include fatty acid biosynthesis, glutathione metabolism, and arginine biosynthesis.]
Figure 7 | Pathway enrichment analysis of the differentially abundant metabolites between heat stress (HT) and control (CTL) Florida Cracker ewes. Pathways with -log10(P-value) > 1.3 are considered significant.

[image: Illustration of a sheep exposed to sunlight, indicating biological responses to high temperatures. Arrows point to changes such as increased respiratory rate, changes in peripheral blood with increased neutrophils and decreased lymphocytes, and upregulated plasma metabolic pathways, including bile acid biosynthesis and fatty acid biosynthesis.]
Figure 8 | Alterations in respiration rate, peripheral blood cells and plasma metabolomic pathways observed in Florida Cracker ewes exposed to heat stress. This image was generated with BioRender.





4 Discussion

In this study, the exposure of ewes to short-term heat stress caused changes in respiration rate, hematological parameters, and plasma metabolites. The heat stressed group exhibited higher respiratory rate when compared to the control group. Previous studies in sheep have observed a similar increase in this physiological variable in response to heat stress (Marai et al., 2007; Slimen et al., 2019). Respiration rate has also been proposed as a trait to evaluate thermotolerance in sheep adapted to humid and hot environments (Castanheira et al., 2010). Rectal temperature is another physiological measure that has been used small ruminants for assessing heat stress, and studies have reported variations in rectal temperature in response to THI fluctuations (Hooper et al., 2018; Slimen et al., 2019; Tadesse et al., 2019). However, it is important to highlight that our results showed no significant changes on rectal temperature between heat stressed and control ewes. Similar findings in rectal temperature have been reported for Omani sheep, a sheep breed naturally adapted to hot environmental conditions. This breed can tolerate THI values up to 82, without any physiological sign of heat stress (Srikandakumar et al., 2003). Similarly, Florida Cracker sheep is a heritage sheep breed that was developed under natural selection for almost 500 years in Florida, U.S. (https://livestockconservancy.org/heritage-breeds/conservation-priority-list/). The state of Florida is characterized for its high humidity and ambient temperatures, especially during the summer months, reaching THI estimates greater than 70 (Dikmen and Hansen, 2009; Ouellet et al., 2021). As such, it is possible that Florida Cracker sheep incorporated mechanisms of adaptation to these environmental conditions to be able to survive, regulating their body temperature. Although the THI values for the HT group of ewes indicated moderate heat stress, the absence of significant differences in rectal temperature and some plasma metabolites between the HT and CLT groups suggests that Florida Cracker sheep may possess adaptive metabolic mechanisms to tolerate heat stress. Further research is needed to elucidate these adaptive processes.

One of the changes observed in week 3 of the current study was an increase in peripheral blood neutrophil percentage in the HT group compared to the CLT group. This increase may be attributed to several factors associated with heat stress, such as the activation of the hypothalamic-pituitary-adrenal (HPA) axis. Heat stress triggers the HPA axis, leading to elevated cortisol levels, a stress hormone that mobilizes neutrophils from the bone marrow into the bloodstream (Caroprese et al., 2022). Increased neutrophil concentration has also been associated with inflammatory responses. Heat stress can cause cellular damage and systemic inflammation, as previously investigated in dairy cows (Ruiz-González et al., 2023). Additionally, the activation of the immune system during heat stress can alter immune function, leading to changes in the distribution and concentration of various immune cells, including neutrophils (Tüfekci and Sejian, 2023). Also, the increase in neutrophils may be linked to the elevated metabolic rate of sheep exposed to heat stress. This heightened metabolic activity can lead to a greater demand for oxygen and nutrients, thereby stimulating the production and release of neutrophils (Dunshea et al., 2017). Nevertheless, the observed decrease in peripheral blood lymphocyte % in the HT group during week 3 may be associated with increased apoptosis (programmed cell death), a phenomenon that has been evaluated in mice under stress (Domínguez-Gerpe and Rey-Méndez, 2001). Similar observation has been reported in heat stressed cattle (Gu et al., 2021; Dahl et al., 2020; Bagath et al., 2019). The observation that these changes were only present in week 3 and not noted in weeks 4 to 6 suggests that Florida Cracker sheep may have adapted to heat episodes by developing metabolic mechanisms to cope with these changes. However, further research is necessary to understand the underlying processes involved.

Targeted plasma metabolomics analysis revealed an upregulation in fatty acid biosynthesis, glutathione metabolism, primary bile acid biosynthesis, glycine, serine, and threonine metabolism, and porphyrin metabolism. Notably, the upregulation of plasma fatty acid biosynthesis observed in the HT group may be attributed to increased energy demands during heat stress. This heightened energy requirement can lead to enhanced muscle and lipid catabolism, where muscle proteins and stored fats are broken down to meet energy needs (Rhoads et al., 2009; Ruiz-González et al., 2023). Additionally, the observed changes in glutathione metabolism in the current study may be also attributed to increased metabolic demands during heat stress (Dunshea et al., 2017). In sheep, heat stress induces oxidative stress and favors the production of reactive oxygen species, disrupting normal cellular function (Slimen et al., 2019). Glutathione is a crucial antioxidant that helps mitigate the production of reactive oxygen species (ROS) and functions as a cofactor for enzymes such as peroxidases and transferases (Foster et al., 2009). Thus, it is possible that the upregulation of glutathione metabolism serves as a strategy to alleviate the negative effects of ROS and oxidative stress induced by summer heat stress in Florida Cracker sheep.

In our study, primary bile biosynthesis was upregulated in heat stressed ewes. Bile acids are synthetized by oxidation of cholesterol in the hepatocytes. These are stored in the gallbladder and secreted into the duodenum to promote digestion and absorption of dietary lipids. About 95% of bile acids are reabsorbed from the ileum back to the liver through enterohepatic circulation (Chiang, 2013). Enterohepatic circulation of bile acids plays an important role in absorption of nutrients, xenobiotic disposal, and metabolic homeostasis (Houten et al., 2006). In normal conditions, the concentration of bile acids is usually low in the peripheral blood (Chiang and Ferrell, 2018). Our results showed an increase of primary bile biosynthesis in serum, which could be linked to liver changes in heat stressed ewes and possible mechanisms of adaptation to high ambient temperatures. Similar results have been observed in thermotolerant buffaloes that were kept under tropical environmental conditions, as Gu et al. (2018) reported an increase in primary bile biosynthesis and amino acid synthesis in heat-stressed buffaloes. They demonstrated that buffaloes adapt to heat stress by utilizing the metabolism of branched-chain amino acids, ketogenic amino acids, and gluconeogenesis as part of their adaptive strategy.

The possible alteration in liver functions due to heat stress could also be the consequence of the affection to porphyrin metabolism, leading to disruptions in the synthesis and breakdown of porphyrins, which has been reported in pigs exposed to heat stress (Ross et al., 2017). The observed changes in plasma amino acids (glycine, serine, and threonine) during heat stress may primarily be attributed to metabolic alterations, such as hormonal changes, like hyperinsulinemia (Ruiz-González et al., 2023). These changes may prioritize muscle breakdown to meet the increased energy demands under these conditions. Additionally, altered nutrient absorption, potentially due to a leaky gut, may result in inefficient amino acid absorption, compounded by reduced feed intake (Loor et al., 2023).




5 Conclusion

In conclusion, our study demonstrates that short-term heat stress significantly impacts the physiological, hematological, immunological, and metabolomic profiles of Florida Cracker ewes. The observed increase in respiratory rate and changes in blood parameters, such as elevated neutrophil counts and decreased lymphocyte percentages, indicate a stress response to elevated ambient temperatures. Metabolomic analysis further revealed alterations in key metabolic pathways, including fatty acid biosynthesis, glutathione metabolism, and primary bile biosynthesis, which may play crucial roles in the ewes’ adaptation to heat stress. These findings underscore the importance of developing effective management strategies to mitigate the adverse effects of heat stress on sheep, particularly in regions with hot climates like the southern US. By enhancing our understanding of the biological responses to heat stress, we can better support the health and productivity of sheep under challenging environmental conditions.
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