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Simple Summary


Fescue toxicosis caused by wild-type endophyte-infected (WE) tall fescue (TF) is a major issue among livestock producers in the southeastern US. This study explores the use of condensed tannin-based diet supplements in reducing the post-ingestive effects of fescue toxicosis. Twelve steers on WE pasture were supplemented with either sericea lespedeza pellets (LES; a source of condensed tannins) or LES mixed with polyethylene glycol (LPEG) as a control treatment for 12 weeks over three consecutive summers. Steers on LES tended to have higher average daily gain and slicker hair coats compared to steers on control treatment. Steers fed LES had hotter tail skin temperatures and cooler rectal temperatures than those fed the control diet. These steers also exhibited lower stress levels and a 21% larger caudal artery lumen, thus indicating improved blood circulation. These findings suggest that the condensed tannin-based diet supplement may be a valuable tool for managing fescue toxicosis in cattle. However, more research is needed to determine whether the supplement can reduce the absorption of toxic alkaloids in tall fescue, as well as to understand the long-term efficacy of supplementing a condensed tannin-based diet to cattle.




Abstract


Condensed tannins (CTs) in certain leguminous forages can mitigate toxic alkaloid absorption linked to fescue toxicosis due to their high affinity towards various steroidal and protein-like alkaloids. However, their use as feed supplements remains underexplored. This study evaluated the impact of CT-rich sericea lespedeza (Lespedeza cuneata) pellets on the post-ingestive effects of fescue toxicosis. Twelve steers on wild-type endophyte-infected tall fescue pastures received either sericea lespedeza pellets (LES) or LES with polyethylene glycol (LPEG; negative control) for 12 weeks over three consecutive summers. Body weight, hair coat scores, temperatures (rectal and extremity), cortisol levels, and caudal artery lumen area were measured every four weeks. Steers fed LES showed trends toward higher ADG (p = 0.0999) and reduced hair retention (p = 0.0547) compared to those fed LPEG. Steers on LES also showed hotter tail skin temperatures (p = 0.0053) and cooler rectal temperatures (p < 0.0001) compared to those fed LPEG. LES-fed steers had a 21% larger caudal artery lumen area (p < 0.01), suggesting reduced vasoconstriction. Additionally, LES-fed steers tended to have lower hair cortisol (p = 0.0746), indicating reduced chronic stress. These results suggest that supplementation with CTs may alleviate the post-ingestive effects of fescue toxicosis, potentially by improving blood flow and reducing stress. However, further research is needed to determine whether CTs directly reduce alkaloid absorption, as well as to validate the long-term efficacy of CT supplementation.
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1. Introduction


Fescue toxicosis, resulting from toxic alkaloids in wild-type endophyte-infected (WE; Epichloë coenophiala) tall fescue (Schedonorus arundinaceus), poses significant challenges and leads to nearly USD 2 billion in annual economic losses for the US beef industry [1]. This is probably an underestimate given that this assessment was conducted about a decade ago. As WE tall fescue is the predominant cool-season pasture forage in the southeast and the north–south transition zone, livestock producers in these regions of the US would gain significant benefits by determining the most effective mitigation strategy to deal with fescue toxicosis.



Various strategies have been explored to reduce the harmful effects of livestock consuming WE tall fescue, including supplementation with vitamin E, thiamine, or protein [2,3,4] and the ammoniation of feedstuffs [5]. However, these strategies require additional handling and expenses. The use of vaccines [6] or dopamine antagonists [7] for fescue toxicosis mitigation has not been practically feasible due to the cost and stress associated with multiple injections of these pharmacological substances. Changing WE tall fescue pastures to novel endophyte-infected (NE) tall fescue is often the best option to deal with fescue toxicosis. These improved cultivars have nutritive values comparable to or greater than those of ‘Kentucky 31’, the predominant cultivar of WE tall fescue, but the associated endophytes have no deleterious impacts on livestock. Past studies have reported animals grazing NE tall fescue to have greater ADG and serum prolactin levels, along with lower core body temperatures, compared to animals on WE tall fescue [8,9]. Renovating pastures with non-toxic tall fescue or alternative grass species is typically costly, with expenses of around USD 600 per hectare in 2015 [1]. Additionally, this conversion may not be practical in cases of uncertain land leases or highly erodible land, and many farmers face difficulties due to the loss of production during the transition. Additionally, the economic costs of pasture renovation may take up to three years post-renovation to recoup [10]. Thus, there remains a need to identify economically viable and practical solutions for dealing with fescue toxicosis in livestock.



One potential approach to address fescue toxicosis is the inclusion of feed supplements that can hinder the absorption of toxic alkaloids within the digestive system, thereby counteracting its effects. Tannins represent a diverse group of polyphenolic polymers synthesized by plants in response to various physiological demands and stressors [11]. These compounds can be categorized as condensed tannins (CTs) and hydrolyzable tannins (HT) [12]. Certain forages, trees, and shrubs produce CTs as a defense against herbivores [13]. Integrating CT-rich forages into the diets of ruminants can yield both advantageous and disadvantageous outcomes [14]. Including CT-containing forages in the diet can improve animal performance directly, by controlling anthelmintic-resistant gastrointestinal parasites [15], and indirectly, by enhancing escape protein supply [15,16] along with improving nitrogen-use efficiency [17] and decreasing methane production [18]. CTs’ strong protein-binding affinity shields proteins from degradation by rumen microbes, enhancing protein availability [19]. However, excessive CT intake can yield adverse effects, such as reductions in palatability, dry matter intake, and the digestibility of essential nutrients like protein, carbohydrates, and fats, thereby compromising feed efficiency and animal productivity [20,21].



Along with protein, CTs can also bind with various steroidal and protein-like alkaloids [22]. The inclusion of CT-producing forage species in pasture may reduce the symptoms of fescue toxicosis by binding to these toxic alkaloids. The CTs may help reduce the absorption of alkaloids through the gastrointestinal epithelia, thus mitigating their toxic effects [23]. Various studies have reported increased intake of and preference for WE tall fescue along with changes in various physiological responses of animals when supplemented with legumes rich in CTs [24,25,26,27]. This could be attributed to the inactivation of alkaloids through binding with CTs in the gastrointestinal tract, mitigating negative effects on intake and digestibility. The formation of stable tannin–alkaloid complexes results in their excretion in the feces [28].



Sericea lespedeza [{Lespedeza cuneate (Dum. Cours.) G. Don}; SL], a warm-season perennial legume well suited to the southern US climate [29], boasts a high CT concentration that, in some cases, may have negative effects on grazing livestock. However, cultivars like ‘AU Grazer’ with lower CT levels have been developed, which do not adversely affect livestock. This cultivar of SL is commonly used as an alternative to anthelmintic drugs for controlling gastrointestinal parasites in small ruminants [30,31,32,33,34]. Given the likely interaction of CTs with ergot alkaloids, the ingestion of SL may result in a binding of the toxic alkaloids present in tall fescue. Pelletizing SL for feed supplementation could further enhance the utility of this forage by improving convenience in handling, storing, and feeding. However, the effectiveness of pelleted SL as a feed supplement in reducing the impact of fescue toxicosis within a grazing system remains to be established.



The objective of this study was to assess the potential benefits of incorporating feed supplements rich in CTs, such as SL pellets, to counteract the effects of fescue toxicosis in steers grazing WE tall fescue. Our preliminary laboratory analysis showed that when an aqueous solution of purified CTs from sericea lespedeza pellets at 4 mg/mL (400 μL) was added to 400 μL of a saturated aqueous solution of ergotamine tartrate, the CTs interacted with ergot alkaloids, precipitating them from the solution. Based on these findings, we hypothesized that steers grazing WE tall fescue and supplemented with CTs (via SL pellets) would exhibit reduced symptoms of fescue toxicosis, including increased hair shedding, greater average daily gain, reduced vasoconstriction, and lower stress levels, compared with steers receiving similar supplementation but without CT.




2. Materials and Methods


2.1. Experimental Site


This 3-year summer grazing trial was conducted from late June to mid-September, 2021 to 2023, at Virginia Tech’s Shenandoah Valley Agricultural Research and Extension Center (SVAREC) in Raphine, VA (37°56′ N, 79°13′ W). The primary soil type at the site is Frederick silt loam, mixed mesic, and Typic Paleudult.




2.2. Weather Data


Daily ambient temperature (AT) and relative humidity (RH) data for the research site were obtained from the Virginia Tech WeatherSTEM Data Mining Tool (https://vt-arec.weatherstem.com/, accessed on 12 December 2023) for the entire study period across all years. The temperature–humidity index (THI) was calculated daily using the AT and RH data according to the equation from Mader et al. [35]:


THI = [(0.8 × AT) + (RH/100) × (AT − 14.4)] + 46.4



(1)








2.3. Pasture and Forage Analysis


In 2021, endophyte levels were determined by testing 50 randomly selected tillers using the immunoblot test [36]. For alkaloid concentrations, forage samples were collected at 4-week intervals (days 0, 28, 56, and 84), freeze-dried, and ground to pass through a 1 mm screen. These samples were analyzed for total ergot alkaloid concentration using an ELISA test kit (Agrinostics Ltd., Watkinsville, GA, USA). In 2023, vegetation composition was assessed twice by recording plant cover percentages at 30 random points using 0.25 m2 quadrats. Vegetation composition data were not recorded for the years 2021 and 2022. Available forage biomass was estimated by harvesting six 0.25 m2 quadrats every 4 weeks, drying the samples at 60 °C for 72 h, and calculating the dry weight. Dried samples were ground for nutritive analysis, first through a 2 mm screen and then through a 1 mm screen, and scanned with a NIRSTM DS2500 F (FOSS, Hillerod, Denmark) for estimating crude protein, acid detergent fiber, and neutral detergent fiber concentrations using the mixed grass hay equation [37].




2.4. Animal Use and Feed Supplement Treatment


Each summer trial used twelve 7-to-8-month-old, fall-born Angus cross steers from the SVAREC farm herd in Raphine, VA. The initial body weights were 260 ± 6.4 kg (2021), 273 ± 4.1 kg (2022), and 237 ± 3.2 kg (2023). All steers were weaned and raised on pastures primarily consisting of ‘Kentucky-31’ tall fescue. The steers were stratified by body weight and assigned to one of two diet supplements: SL pellets (LES) or SL pellets mixed with polyethylene glycol (LPEG; 50 g/kg DM) to negate the condensed tannins (CTs). Preliminary tests confirmed that the CTs were inactivated in the LPEG treatment, allowing for the separation of tannins and the nutritional effects of lespedeza. The SL pellets (85% SL leaf meal, 15% molasses/lignin binder) were sourced from Sims Brothers, Inc., and a single composite sample from each year was analyzed for chemical composition by Cumberland Valley Analytical Services, Inc. (Waynesboro, PA, USA) by wet chemistry. Separate sets of composite pellet samples were collected across two years: one sample from a single batch in 2021, and three samples from different batches in 2022. These samples were used for the isolation and purification of CTs present in these pellets [38,39]. In 2023, no new samples were collected or analyzed, as the study continued using the same pellets from 2022. These purified CTs were used in their compositional and structural determination, employing two-dimensional nuclear magnetic resonance spectroscopy [39,40]. These highly pure CTs also served as a reference standard in the determination of CT concentrations in these pellet samples using the HCl–butanol–acetone–iron (HBAI) assay, as outlined in [41]. Specific details of the CT purification, structure determination, and CT content analyses are provided in the accompanying Supplementary Materials.



The steers were continuously stocked on a 2 ha pasture, and supplements were provided individually via feed bunks with Calan gates based on body weight (0.5% BW/day). The steers had free access to trace minerals and clean water.




2.5. Animal Body Weight and Hair Coat Score


The unshrunk body weight (BW) of the steers was recorded on two consecutive days (days −1 and 0, and days 83 and 84) between 0700 and 0800 h, using a Tru-Test XR5000 scale (Datamars Limited, Auckland, New Zealand), with averages used to determine the initial and final BW. The average daily gain (ADG) was calculated by dividing the total BW gain by the number of days on treatment. Hair coat scores were assessed every 4 weeks using a 5-point scale (1 = complete shedding, 5 = no shedding), as described by Gray et al. [42]. Multiple evaluators scored the hair coat, and the average score per collection date was used throughout the study.




2.6. Extremity and Rectal Temperatures


Thermal images of body extremities (ear, front left foot, and tail) were captured every 4 weeks using a FLIR T630SC thermal camera (Teledyne FLIR LLC, Santa Barbara, CA, USA) between 0700 and 0800 h. The animals were held in a shaded area, and images were taken from approximately one meter away. FLIR Research IR Max software (Version 4.40.9.30) was used to calculate the average temperatures of specific areas, including foot regions like the pastern, coronary band, and toes. Rectal temperatures were recorded every 4 weeks using a veterinary thermometer. A similar procedure was used by Poudel et al. [43].




2.7. Hair Sample Collection, Cortisol Extraction, and Analysis


Hair samples were collected from steers on day 0 by clipping a 15 cm × 15 cm area on the left rump using an electric clipper (Premier 1 Supplies, Washington, IA, USA). The same site was re-shaved every 4 weeks (days 28, 56, and 84). Samples were wrapped in aluminum foil and stored at room temperature until analysis. Hair cortisol extraction followed the method of Poudel et al. [44], using HPLC-grade methanol. Cortisol concentrations were measured using a commercial ELISA kit (Cayman Chemical, Ann Arbor, MI, USA), with inter-assay and intra-assay CVs of 14.9% and 8.6%, respectively.




2.8. Doppler Ultrasonography


The luminal area of the caudal artery was measured using Doppler ultrasound, as described by Aiken et al. [45]. A Classic Medical TeraVet 3000 Ultrasound Unit (Classic Universal Ultrasound, Tequesta, FL, USA) with a 12 MHz linear transducer (12L5-VET) set to a 4 cm depth was used to scan the caudal artery at the 4th coccygeal (Cd4) vertebra. Scans were conducted every 4 weeks during the summer of 2022.




2.9. Statistical Analysis


A mixed-effects ANOVA was performed using PROC MIXED in SAS Studio (v. 3.5), with steers as the experimental units. Repeated-measures analysis by period, with a standard variance–covariance structure, was applied to ADG, HRS, hair cortisol, arterial luminal area, and temperature data. Year-by-treatment interaction effects were included in the model for variables where data were collected across multiple years to evaluate potential variability attributable to the interaction of treatment and year. Statistical significance was set at p < 0.05, and trends were noted for 0.05 < p < 0.10.





3. Results


3.1. Weather Data


For the study period in 2021, the mean daily air temperature was 22.1 °C, with a corresponding relative humidity (RH) of 76.4%. These values were 27.7 °C and 70.7% RH in 2022, and 22.0 °C with 76.3% RH in 2023. For the three grazing seasons, the total precipitation was 81.3 mm, 76.2 mm, and 98.1 mm, respectively. The daily mean temperature–humidity index (THI) was higher for 2022 (77.9) compared to 2021 and 2023, with a mean THI of 70.0.



In 2021, the maximum THI was 75.6, with the average daily THI exceeding the thermoneutral zone (THI = 72) for 34 days (Figure 1). In 2022, the maximum THI reached 87.2, surpassing the thermoneutral zone for 72 days. In 2023, the maximum THI was 76.0, with 22 days above the thermoneutral zone. These results highlight prolonged thermal stress for livestock during all three summers due to frequent THI values above the thermoneutral range.




3.2. Forage and Supplement Measures


In 2021, an immunoblot test revealed that the experimental pasture was 100% endophyte-infected. That same year, the average TEA concentration of the experimental pasture was 1650 ppb, while in 2022 and 2023 it was 2330 ppb and 2460 ppb, respectively. Tall fescue (71%) was the predominant forage in the experimental pasture, followed by orchardgrass (Dactylus glomerata, 5%), while there was a significant prevalence of broadleaf weeds such as horse nettle (Solanum carolinense; 6%) and Cirsium spp. (12%). Other vegetation species include red clover (Trifolium pretense), white clover (Trifolium repens), quack grass (Elymus repens), and Kentucky bluegrass (Poa pratensis; Figure 2).



The experimental pasture showed consistent levels of available forage biomass and nutritional composition across the three study years (Table 1). Similarly, the lespedeza (LES) diet supplement maintained relatively stable nutritional content over the study period (Table 2). In 2021, the CT concentration averaged 189 g kg−2 DM from a single composite sample. In 2022, three separate samples, representing different batches, were analyzed, with CT concentrations of 204, 198, and 212 g kg−2 DM, respectively.




3.3. Average Daily Gain (ADG) and Hair Coat Score


There was no year × treatment interaction observed in these studies for ADG (p = 0.1648) and hair coat score (p = 0.0876). Steers in the LES diet supplement treatment tended (p = 0.0999; Table 3) to have greater ADG and lower (p = 0.0547) hair coat scores compared to steers in the LPEG diet supplement treatment (Table 3).




3.4. Extremity and Rectal Temperature


There was no year × treatment interaction observed for ear, hoof, and tail surface temperatures or rectal temperature data (p > 0.1230) in these studies. Ear skin and hoof temperatures did not differ (p ≥ 0.1826) between the LES and LPEG diet supplement treatments (Table 4). However, the tail skin temperature was hotter (p = 0.0053) in LES-fed steers compared to those receiving LPEG, and the rectal temperature of steers supplemented with LES was significantly cooler (p < 0.0001) compared to those receiving LPEG diet supplement treatment.




3.5. Hair Cortisol Levels


No significant year × treatment (p = 0.6717) interactions were observed in the hair cortisol data. The hair cortisol level of steers on LPEG diet supplement treatment tended (p = 0.0746) to be greater than that of steers on the LES diet supplement (Figure 3).




3.6. Doppler Ultrasonography


No significant period × treatment interaction (p = 0.2854) was detected in the proportionate differences in caudal artery luminal areas. However, steers supplemented with the LPEG diet supplement treatment had smaller (p = 0.0063) mean caudal artery luminal areas, which were decreased by an average of 21.2% relative to the LES diet supplement treatment (Figure 4).





4. Discussion


The purpose of this study was to investigate the potential of CT-containing feed supplements, such as SL pellets, to reduce the symptoms of fescue toxicosis in steers grazing WE tall fescue, along with their numerous other nutritional benefits. Due to the affinity of CTs for various nitrogenous compounds, diets rich in CTs can increase the supply of rumen-undegradable protein [15,16] and decrease gastrointestinal parasite infestations [46,47], ultimately enhancing overall ruminant productivity. Diets rich in CTs can also enhance nitrogen-use efficiency [17] and reduce methane production in the rumen [18], thereby mitigating the environmental consequences of livestock farming. Including forages that contain CTs in animal diets may help mitigate the post-ingestive effects of fescue toxicosis, as these compounds have an affinity for the steroidal and protein-like alkaloids produced by the endophytic fungus in tall fescue [22,28].



The tall fescue present in the experimental pasture was 100% endophyte-infected, and the total concentration of ergot alkaloids exceeded 1500 ppb in all three summers. These pastures were considered sufficiently toxic to induce symptoms of fescue toxicosis [48]. Animals grazing on endophyte-infected tall fescue with an endophyte infection level exceeding 22% [49] and total ergot alkaloid concentrations greater than 400 ppb [50,51] may display visible signs of fescue toxicosis. In the current study, the total CT concentration in the LES diet supplement was in the range of 189–212 g kg−1 DM. The CTs in LES may bind with toxic alkaloids, reducing their absorption through the gastrointestinal epithelia and, thus, minimizing their toxic effects [23]. In this study, LES was mixed with polyethylene glycol at a rate of 50 gm kg−1 DM to provide the LPEG supplement. The addition of polyethylene glycol forms complexes with CTs, effectively deactivating them [52,53,54]. This provides an opportunity to assess whether the effects attributed to feeding LES are due to the presence of CTs or the nutritional effects of the supplement. It is also important to note that excessive dietary CT intake could lead to negative effects on livestock [21]. This introduces uncertainties regarding how to harness the positive benefits of CTs while avoiding potential negative effects associated with excessive concentrations.



Steers on the LES supplement treatment tended to have greater ADG compared to steers on LPEG. Several studies have reported improved intake of and preference for WE tall fescue in animals supplemented with forage legumes rich in CTs, such as birdsfoot trefoil (Lotus corniculatus) and sainfoin (Onobrychis viciifolia) [24,25,26,27]. The increased gain observed in animals on LES might also be attributed to a greater supply of rumen-undegraded protein, as CTs possess a strong binding affinity for proteins, safeguarding them from rumen microbial degradation [19]. The steers fed the CT action-negating, polyethylene glycol-containing LPEG supplement experienced the post-ingestive effects of fescue toxicosis, leading to reduced weight gain and increased core temperatures. Several studies have documented decreased dry matter intake in animals affected by fescue toxicosis [55,56,57], resulting in lower weight gain [57,58].



Prolactin plays a crucial role in the shedding of winter coats, as animals respond to increased day length with elevated prolactin levels [59]. While animals typically shed their winter hair coats during summer, fescue toxicosis reduces serum prolactin concentrations. This reduction occurs due to the ergot alkaloids in WE tall fescue acting as agonists to the D2 dopamine receptors that regulate prolactin [60]. Consequently, this inhibits the shedding of winter hair coats [57,61] and may even increase the growth of summer hair coats [62]. This may have resulted in a tendency towards greater hair coat scores in steers on the LPEG diet, which may have been reduced in steers on the LES diet due to the effect of CTs on ergot alkaloids. Although prolactin levels were not measured in our study, previous research has consistently reported low prolactin levels in cattle exhibiting fescue toxicosis symptoms [63,64].



Steers on the LES diet supplement exhibited lower rectal temperatures compared to steers on LPEG, whereas those on LPEG showed reduced extremity temperatures in comparison to the LES group. A study by Villalba et al. [26] also reported a decrease in rectal temperature in lambs grazing WE tall fescue and consuming sainfoin (2.9% CT), in contrast to lambs consuming cicer milkvetch (Astragalus cicer), a non-CT-producing legume. Because the toxic alkaloids in WE tall fescue function as vasoconstrictors, they diminish peripheral blood flow and impair the capacity for heat dissipation [65]. Consequently, animals experience increased internal body temperatures, leading to heat stress. Multiple studies have reported elevated internal core body temperatures due to fescue toxicosis [55,66,67]. The constriction of blood flow to extremities usually results in cooler extremity temperatures in animals affected by fescue toxicosis compared to healthy animals. Numerous studies have observed reduced extremity temperatures in response to toxic ergot alkaloids in tall fescue [43,68,69].



Cortisol, a hormone produced by the adrenal glands, is rapidly released from the adrenal cortex in response to acute stress [70], but circulating cortisol can be elevated in response to chronic stress as well. Fescue toxicosis induces heat stress, and multiple studies have demonstrated elevated cortisol levels in animals experiencing heat stress [44,71,72,73]. Hair cortisol offers insights into long-term chronic stress levels, as it is little influenced by activities such as animal handling [74,75]. Previous research has shown a positive relationship between hair cortisol levels and stress [76,77,78], making hair cortisol a reliable and less invasive indicator of long-term chronic heat stress, particularly in extensive grazing systems [43,44,75,79]. In this study, steers on LPEG exhibited higher hair cortisol levels than those on LES, indicating greater chronic stress in LPEG-fed steers.



The CT-based diet supplement treatment also resulted in a larger luminal area of the caudal artery in the single-season measurements. These results indicate that supplementation with SL pellets for animals grazing toxic fescue can favorably affect their vascular dimensions (although rectal temperatures for both treatments were greater than normal (38.3 °C)). Vasoconstriction is a significant contributor to heat stress and other physiological disruptions associated with fescue toxicosis [80]. The greater caudal artery luminal area found in the LES treatment suggests that supplementing diets with SL pellets helped mitigate vasoconstriction and enhance blood flow. This would help reduce the adverse post-ingestive effects associated with fescue toxicosis by improving thermoregulation, nutrient transport, and overall vascular health. While our study used caudal artery luminal area as a measure of vascular function, the specific pathways through which CTs modulate vascular responses remain to be determined.




5. Conclusions


The prevalence of a toxic alkaloid-producing endophytic fungus in tall fescue continues to present challenges to the US beef industry and results in substantial economic losses. The supplementation of feed with CTs presents a potential opportunity to mitigate these detrimental effects. This study indicated that, for steers grazing on WE tall fescue pastures, diet supplementation with CTs led to reduced vasoconstriction, which supported greater extremity temperatures and moderated core body temperatures; in turn, this enhanced weight gain and reduced circulating cortisol. While these results are promising, the mechanisms behind these effects are not clear. Thus, further research is needed to elucidate the mechanisms underlying these effects and establish the long-term efficacy of CT supplementation in animals.








Supplementary Materials


The following supporting information can be downloaded at https://www.mdpi.com/article/10.3390/ani15030373/s1: Experimental procedures detailing the isolation and purification of the CT reference standard, the composition and structure determination of this CT sample by two-dimensional nuclear magnetic resonance spectroscopy, and the determination of the CT content of the Lespedeza cuneate pellets are provided in the Supplementary Materials accompanying this manuscript.





Author Contributions


Conceptualization, G.J.P. and J.H.F.; methodology, G.J.P., J.H.F., S.P., W.E.Z., and B.E.D.; software, S.P.; validation, S.P., G.J.P., J.H.F., W.E.Z., and B.E.D.; formal analysis, S.P.; investigation, S.P., G.J.P., J.H.F., W.E.Z., and B.E.D.; resources, G.J.P., J.H.F., W.E.Z., and B.E.D.; data curation, S.P.; writing—original draft preparation, S.P.; writing—review and editing, G.J.P., J.H.F., W.E.Z., and B.E.D.; visualization, S.P.; supervision, G.J.P. and J.H.F.; project administration, G.J.P.; funding acquisition, G.J.P. and J.H.F. All authors have read and agreed to the published version of the manuscript.




Funding


This study was funded by Virginia Agricultural Council Grant #732 and Virginia Cattle Industry Board Grant #23-15B.




Institutional Review Board Statement


All of the methods used in this study were approved by the Virginia Tech Institutional Animal Care and Use Committee under protocol # 20-013 and 23-054.




Informed Consent Statement


Not applicable.




Data Availability Statement


The data that support the findings of this study are available from the corresponding author on request.




Acknowledgments


The authors express their gratitude to the staff at Virginia Tech’s Shenandoah Valley Agricultural Research and Extension Center for their invaluable assistance with site maintenance, animal management, and data collection. This article is an expanded version of a paper entitled ‘Effects of Sericea Lespedeza Supplementation on Steers Grazing Wild-Type Endophyte-Infected Tall Fescue’, which was presented at the American Society of Animal Science-Southern Section Annual Meeting in Louisville, Kentucky, USA, 27–30 January 2024 [81], and published in its proceedings. The mention of trade names or commercial products in this article is solely for the purpose of providing specific information and does not imply recommendations or endorsements by the US Department of Agriculture. The USDA is an equal opportunity provider and employer.




Conflicts of Interest


The authors declare no conflicts of interest.




References


	



Kallenbach, R. BILL E. Kunkle Interdisciplinary Beef Symposium: Coping with tall fescue toxicosis: Solutions and realities. J. Anim. Sci. 2015, 93, 5487–5495. [Google Scholar] [CrossRef] [PubMed]

	



Dougherty, C.; Lauriault, L.; Bradley, N.; Gay, N.; Cornelius, P. Induction of tall fescue toxicosis in heat-stressed cattle and its alleviation with thiamin. J. Anim. Sci. 1991, 69, 1008–1018. [Google Scholar] [CrossRef] [PubMed]

	



Jackson, J.; Harmon, R.; Tabeidi, Z. Effect of dietary supplementation with vitamin E for lactating dairy cows fed tall fescue hay infected with endophyte. J. Dairy Sci. 1997, 80, 569–572. [Google Scholar] [CrossRef]

	



Aiken, G.; Piper, E.; Miesner, C. Influence of protein supplementation and implant status on alleviating fescue toxicosis. J. Anim. Sci. 2001, 79, 827–832. [Google Scholar] [CrossRef] [PubMed]

	



Simeone, A.; Boissonneault, G.; Bush, L.; Mitchell, G. Comparison of two ammoniation procedures to reduce the toxicity of endophyte-infected tall fescue seed fed to rats. Drug Chem. Toxicol. 1998, 21, 79–95. [Google Scholar] [CrossRef] [PubMed]

	



Filipov, N.; Thompson, F.; Hill, N.; Dawe, D.; Stuedemann, J.; Price, J.; Smith, C. Vaccination against ergot alkaloids and the effect of endophyte-infected fescue seed-based diets on rabbits. J. Anim. Sci. 1998, 76, 2456–2463. [Google Scholar] [CrossRef]

	



Samford-Grigsby, M.; Larson, B.; Forcherio, J.; Lucas, D.; Paterson, J.; Kerley, M. Injection of a dopamine antagonist into Holstein steers to relieve symptoms of fescue toxicosis. J. Anim. Sci. 1997, 75, 1026–1031. [Google Scholar] [CrossRef] [PubMed]

	



Nihsen, M.; Piper, E.; West, C.; Crawford Jr, R.; Denard, T.; Johnson, Z.; Roberts, C.; Spiers, D.; Rosenkrans Jr, C. Growth rate and physiology of steers grazing tall fescue inoculated with novel endophytes. J. Anim. Sci. 2004, 82, 878–883. [Google Scholar] [CrossRef] [PubMed]

	



Beck, P.; Gunter, S.; Lusby, K.; West, C.; Watkins, K.; Hubbell III, D. Animal performance and economic comparison of novel and toxic endophyte tall fescues to cool-season annuals. J. Anim. Sci. 2008, 86, 2043–2055. [Google Scholar] [CrossRef] [PubMed]

	



Gunter, S.; Beck, P. Novel endophyte-infected tall fescue for growing beef cattle. J. Anim. Sci. 2004, 82, E75–E82. [Google Scholar]

	



Alonso-Amelot, M.E.; Oliveros-Bastidas, A.; Calcagno-Pisarelli, M.P. Phenolics and condensed tannins of high altitude Pteridium arachnoideum in relation to sunlight exposure, elevation, and rain regime. Biochem. Syst. Ecol. 2007, 35, 1–10. [Google Scholar] [CrossRef]

	



Hagerman, A.E.; Robbins, C.T.; Weerasuriya, Y.; Wilson, T.C.; McArthur, C. Tannin chemistry in relation to digestion. Rangel. Ecol. Manag. J. Range Manag. Arch. 1992, 45, 57–62. [Google Scholar] [CrossRef]

	



Barry, T.; McNabb, W. The implications of condensed tannins on the nutritive value of temperate forages fed to ruminants. Br. J. Nutr. 1999, 81, 263–272. [Google Scholar] [CrossRef]

	



Poudel, S.; Zeller, W.E.; Fike, J.; Pent, G. Condensed Tannins Attributes: Potential Solution to Fescue Toxicosis? Agriculture 2023, 13, 672. [Google Scholar] [CrossRef]

	



Niezen, J.; Waghorn, T.; Charleston, W.; Waghorn, G. Growth and gastrointestinal nematode parasitism in lambs grazing either lucerne (Medicago sativa) or sulla (Hedysarum coronarium) which contains condensed tannins. J. Agric. Sci. 1995, 125, 281–289. [Google Scholar] [CrossRef]

	



Barry, T.; McNeill, D.; McNabb, W. Plant secondary compounds; their impact on forage nutritive value and upon animal production. In Proceedings of the The XIX International Grassland Congress Took Place, São Paulo, Brazil, 11–21 February 2001. [Google Scholar]

	



Zhang, J.; Xu, X.; Cao, Z.; Wang, Y.; Yang, H.; Azarfar, A.; Li, S. Effect of different tannin sources on nutrient intake, digestibility, performance, nitrogen utilization, and blood parameters in dairy cows. Animals 2019, 9, 507. [Google Scholar] [CrossRef] [PubMed]

	



Min, B.R.; Solaiman, S.; Waldrip, H.M.; Parker, D.; Todd, R.W.; Brauer, D. Dietary mitigation of enteric methane emissions from ruminants: A review of plant tannin mitigation options. Anim. Nutr. 2020, 6, 231–246. [Google Scholar] [CrossRef] [PubMed]

	



Waghorn, G. Beneficial and detrimental effects of dietary condensed tannins for sustainable sheep and goat production—Progress and challenges. Anim. Feed Sci. Technol. 2008, 147, 116–139. [Google Scholar] [CrossRef]

	



Mueller-Harvey, I. Unravelling the conundrum of tannins in animal nutrition and health. J. Sci. Food Agric. 2006, 86, 2010–2037. [Google Scholar] [CrossRef]

	



Naumann, H.D.; Tedeschi, L.O.; Zeller, W.E.; Huntley, N.F. The role of condensed tannins in ruminant animal production: Advances, limitations and future directions. Rev. Bras. De Zootec. 2017, 46, 929–949. [Google Scholar] [CrossRef]

	



Okuda, T.; Mori, K.; Shiota, M. Effects of the interaction of tannins with coexisting substances. III. Formation and solubilization of precipitates with alkaloids. Yakugaku Zasshi J. Pharm. Soc. Japan 1982, 102, 854–858. [Google Scholar] [CrossRef] [PubMed]

	



Catanese, F.; Distel, R.A.; Villalba, J.J. Effects of supplementing endophyte-infected tall fescue with sainfoin and polyethylene glycol on the physiology and ingestive behavior of sheep. J. Anim. Sci. 2014, 92, 744–757. [Google Scholar] [CrossRef] [PubMed]

	



Lyman, T.; Provenza, F.; Villalba, J.; Wiedmeier, R. Cattle preferences differ when endophyte-infected tall fescue, birdsfoot trefoil, and alfalfa are grazed in different sequences. J. Anim. Sci. 2011, 89, 1131–1137. [Google Scholar] [CrossRef] [PubMed]

	



Lyman, T.; Provenza, F.; Villalba, J.; Wiedmeier, R. Phytochemical complementarities among endophyte-infected tall fescue, reed canarygrass, birdsfoot trefoil and alfalfa affect cattle foraging. Animal 2012, 6, 676–682. [Google Scholar] [CrossRef]

	



Villalba, J.J.; Spackman, C.; Goff, B.; Klotz, J.; Griggs, T.; MacAdam, J.W. Interaction between a tannin-containing legume and endophyte-infected tall fescue seed on lambs’ feeding behavior and physiology. J. Anim. Sci. 2016, 94, 845–857. [Google Scholar] [CrossRef] [PubMed]

	



Owens, J.; Provenza, F.D.; Wiedmeier, R.D.; Villalba, J.J. Supplementing endophyte—Infected tall fescue or reed canarygrass with alfalfa or birdsfoot trefoil increases forage intake and digestibility by sheep. J. Sci. Food Agric. 2012, 92, 987–992. [Google Scholar] [CrossRef] [PubMed]

	



Malinow, M.; McLaughlin, P.; Stafford, C.; Livingston, A.L.; Kohler, G.O.; Cheeke, P.R. Comparative effects of alfalfa saponins and alfalfa fiber on cholesterol absorption in rats. Am. J. Clin. Nutr. 1979, 32, 1810–1812. [Google Scholar] [CrossRef] [PubMed]

	



Hoveland, C.; Windham, W.; Boggs, D.; Durham, R.; Calvert, G.; Newsome, J.; Dobson, J., Jr.; Owsley, M. Sericea lespedeza production in Georgia. Res. Bull. Ga. Agric. Exp. Stn. 1990, 393, 11. [Google Scholar]

	



Burke, J.; Miller, J.; Terrill, T.; Mosjidis, J. The effects of supplemental sericea lespedeza pellets in lambs and kids on growth rate. Livest. Sci. 2014, 159, 29–36. [Google Scholar] [CrossRef]

	



Solaiman, S.; Thomas, J.; Dupre, Y.; Min, B.; Gurung, N.; Terrill, T.; Haenlein, G. Effect of feeding sericea lespedeza (Lespedeza cuneata) on growth performance, blood metabolites, and carcass characteristics of Kiko crossbred male kids. Small Rumin. Res. 2010, 93, 149–156. [Google Scholar] [CrossRef]

	



Min, B.R.; Pomroy, W.E.; Hart, S.P.; Sahlu, T. The effect of short-term consumption of a forage containing condensed tannins on gastro-intestinal nematode parasite infections in grazing wether goats. Small Rumin. Res. 2004, 51, 279–283. [Google Scholar] [CrossRef]

	



Min, B.; Hart, S. Tannins for suppression of internal parasites. J. Anim. Sci. 2003, 81, E102–E109. [Google Scholar]

	



Lange, K.; Olcott, D.; Miller, J.; Mosjidis, J.; Terrill, T.; Burke, J.; Kearney, M. Effect of sericea lespedeza (Lespedeza cuneata) fed as hay, on natural and experimental Haemonchus contortus infections in lambs. Vet. Parasitol. 2006, 141, 273–278. [Google Scholar] [CrossRef] [PubMed]

	



Mader, T.L.; Davis, M.; Brown-Brandl, T. Environmental factors influencing heat stress in feedlot cattle. J. Anim. Sci. 2006, 84, 712–719. [Google Scholar] [CrossRef] [PubMed]

	



Hiatt III, E.; Hill, N.; Bouton, J.; Mims, C. Monoclonal antibodies for detection of Neotyphodium coenophialum. Crop Sci. 1997, 37, 1265–1269. [Google Scholar] [CrossRef]

	



McIntosh, D.W.; Kern-Lunbery, R.; Goldblatt, P.; Lemus, R.; Griggs, T.; Bauman, L.; Boone, S.; Shewmaker, G.; Teutsch, C. Guidelines for Optimal Use of NIRSC Forage and Feed Calibrations in Membership Laboratories, 2nd ed.; The University of Tennessee Press: Knoxville, TN, USA, 2022. [Google Scholar]

	



Brown, R.H.; Mueller-Harvey, I.; Zeller, W.E.; Reinhardt, L.; Stringano, E.; Gea, A.; Drake, C.; Ropiak, H.M.; Fryganas, C.; Ramsay, A. Facile purification of milligram to gram quantities of condensed tannins according to mean degree of polymerization and flavan-3-ol subunit composition. J. Agric. Food Chem. 2017, 65, 8072–8082. [Google Scholar] [CrossRef] [PubMed]

	



Naumann, H.; Sepela, R.; Rezaire, A.; Masih, S.E.; Zeller, W.E.; Reinhardt, L.A.; Robe, J.T.; Sullivan, M.L.; Hagerman, A.E. Relationships between structures of condensed tannins from Texas legumes and methane production during in vitro rumen digestion. Molecules 2018, 23, 2123. [Google Scholar] [CrossRef]

	



Zeller, W.E.; Ramsay, A.; Ropiak, H.M.; Fryganas, C.; Mueller-Harvey, I.; Brown, R.H.; Drake, C.; Grabber, J.H. 1H–13C HSQC NMR spectroscopy for estimating procyanidin/prodelphinidin and cis/trans-flavan-3-ol ratios of condensed tannin samples: Correlation with thiolysis. J. Agric. Food Chem. 2015, 63, 1967–1973. [Google Scholar] [CrossRef]

	



Grabber, J.H.; Zeller, W.E.; Mueller-Harvey, I. Acetone enhances the direct analysis of procyanidin-and prodelphinidin-based condensed tannins in Lotus species by the butanol–HCl–iron assay. J. Agric. Food Chem. 2013, 61, 2669–2678. [Google Scholar] [CrossRef] [PubMed]

	



Gray, K.; Smith, T.; Maltecca, C.; Overton, P.; Parish, J.; Cassady, J. Differences in hair coat shedding, and effects on calf weaning weight and BCS among Angus dams. Livest. Sci. 2011, 140, 68–71. [Google Scholar] [CrossRef]

	



Poudel, S.; Fike, J.H.; Wright, L.; Pent, G.J. Non-Invasive Techniques Reveal Heifer Response to Fescue Endophyte Type in Grazing Studies. Animals 2023, 13, 2373. [Google Scholar] [CrossRef]

	



Poudel, S.; Fike, J.H.; Pent, G.J. Hair Cortisol as a Measure of Chronic Stress in Ewes Grazing Either Hardwood Silvopastures or Open Pastures. Agronomy 2022, 12, 1566. [Google Scholar] [CrossRef]

	



Aiken, G.; Strickland, J.; Looper, M.; Bush, L.; Schrick, F. Hemodynamics are altered in the caudal artery of beef heifers fed different ergot alkaloid concentrations. J. Anim. Sci. 2009, 87, 2142–2150. [Google Scholar] [CrossRef] [PubMed]

	



Novobilský, A.; Mueller-Harvey, I.; Thamsborg, S.M. Condensed tannins act against cattle nematodes. Vet. Parasitol. 2011, 182, 213–220. [Google Scholar] [CrossRef] [PubMed]

	



Min, B.; Hernandez, K.; Pinchak, W.; Anderson, R.; Miller, J.; Valencia, E. Effects of plant tannin extracts supplementation on animal performance and gastrointestinal parasites infestation in steers grazing winter wheat. Open J. Anim. Sci. 2015, 5, 343. [Google Scholar] [CrossRef]

	



Liebe, D.M.; White, R.R. Meta-analysis of endophyte-infected tall fescue effects on cattle growth rates. J. Anim. Sci. 2018, 96, 1350–1361. [Google Scholar] [CrossRef] [PubMed]

	



Fribourg, H.; Chestnut, A.; Thompson, R.; McLaren, J.; Carlisle, R.; Gwinn, K.; Dixon, M.; Smith, M. Steer performance in fescue-clover pastures with different levels of endophyte infestation. Agron. J. 1991, 83, 777–781. [Google Scholar] [CrossRef]

	



Tor-Agbidye, J. Correlation of Endophyte Toxins (Ergovaline and Lolitrem B) with Clinical Disease: Fescue Foot and Perennial Ryegrass Staggers. Master’s Thesis, Oregon State University, Corvallis, OR, USA, 1993. [Google Scholar]

	



Craig, A.M.; Blythe, L.L.; Duringer, J.M. The role of the Oregon State University Endophyte Service Laboratory in diagnosing clinical cases of endophyte toxicoses. J. Agric. Food Chem. 2014, 62, 7376–7381. [Google Scholar] [CrossRef] [PubMed]

	



Jones, W.T.; Mangan, J.L. Complexes of the condensed tannins of sainfoin (Onobrychis viciifolia Scop.) with fraction 1 leaf protein and with submaxillary mucoprotein, and their reversal by polyethylene glycol and pH. J. Sci. Food Agric. 1977, 28, 126–136. [Google Scholar] [CrossRef]

	



Makkar, H.P. Effects and fate of tannins in ruminant animals, adaptation to tannins, and strategies to overcome detrimental effects of feeding tannin-rich feeds. Small Rumin. Res. 2003, 49, 241–256. [Google Scholar] [CrossRef]

	



Besharati, M.; Taghizadeh, A. Effect of Tannin—Binding Agents (Polyethylene Glycol and Polyvinylpyrrolidone) Supplementation on In Vitro Gas Production Kinetics of Some Grape Yield Byproducts. Int. Sch. Res. Not. 2011, 2011, 780540. [Google Scholar] [CrossRef]

	



Bond, J.; Powell, J.; Weinland, B. Behavior of Steers Grazing Several Varieties of Tall Fescue During Summer Conditions 1. Agron. J. 1984, 76, 707–709. [Google Scholar] [CrossRef]

	



Gay, N.; Boling, J.; Dew, R.; Miksch, D. Effects of endophyte-infected tall fescue on beef cow-calf performance. Appl. Agric. Res. 1988, 3, 182–186. [Google Scholar]

	



Parish, J.A.; McCann, M.A.; Watson, R.H.; Paiva, N.N.; Hoveland, C.S.; Parks, A.H.; Upchurch, B.L.; Hill, N.S.; Bouton, J.H. Use of nonergot alkaloid-producing endophytes for alleviating tall fescue toxicosis in stocker cattle. J. Anim. Sci. 2003, 81, 2856–2868. [Google Scholar] [CrossRef] [PubMed]

	



Watson, R.; McCann, M.; Parish, J.; Hoveland, C.; Thompson, F.; Bouton, J. Productivity of cow–calf pairs grazing tall fescue pastures infected with either the wild-type endophyte or a nonergot alkaloid-producing endophyte strain, AR542. J. Anim. Sci. 2004, 82, 3388–3393. [Google Scholar] [CrossRef] [PubMed]

	



McClanahan, L.; Aiken, G.; Dougherty, C. Influence of rough hair coats and steroid implants on the performance and physiology of steers grazing endophyte-infected tall fescue in the summer. Prof. Anim. Sci. 2008, 24, 269–276. [Google Scholar] [CrossRef]

	



Larson, B.; Samford, M.; Camden, J.; Piper, E.; Kerley, M.; Paterson, J.; Turner, J. Ergovaline binding and activation of D2 dopamine receptors in GH4ZR7 cells. J. Anim. Sci. 1995, 73, 1396–1400. [Google Scholar] [CrossRef]

	



Hoveland, C.; Schmidt, S.; King Jr, C.; Odom, J.; Clark, E.; McGuire, J.; Smith, L.; Grimes, H.; Holliman, J. Steer Performance and Association of Acremonium coenophialum Fungal Endophyte on Tall Fescue Pasture 1. Agron. J. 1983, 75, 821–824. [Google Scholar] [CrossRef]

	



Aiken, G.; Klotz, J.; Looper, M.; Tabler, S.; Schrick, F. Disrupted hair follicle activity in cattle grazing endophyte-infected tall fescue in the summer insulates core body temperatures. Prof. Anim. Sci. 2011, 27, 336–343. [Google Scholar] [CrossRef]

	



Schmidt, S.; Osborn, T. Effects of endophyte-infected tall fescue on animal performance. Agric. Ecosyst. Environ. 1993, 44, 233–262. [Google Scholar] [CrossRef]

	



Strickland, J.; Oliver, J.; Cross, D. Fescue toxicosis and its impact on animal agriculture. Vet. Hum. Toxicol. 1993, 35, 454–464. [Google Scholar]

	



Jones, K.; King, S.; Griswold, K.; Cazac, D.; Cross, D. Domperidone can ameliorate deleterious reproductive effects and reduced weight gain associated with fescue toxicosis in heifers. J. Anim. Sci. 2003, 81, 2568–2574. [Google Scholar] [CrossRef]

	



Rhodes, M.; Paterson, J.; Kerley, M.; Garner, H.; Laughlin, M. Reduced blood flow to peripheral and core body tissues in sheep and cattle induced by endophyte-infected tall fescue. J. Anim. Sci. 1991, 69, 2033–2043. [Google Scholar] [CrossRef]

	



Osborn, T.; Schmidt, S.; Marple, D.; Rahe, C.; Steenstra, J. Effect of consuming fungus-infected and fungus-free tall fescue and ergotamine tartrate on selected physiological variables of cattle in environmentally controlled conditions. J. Anim. Sci. 1992, 70, 2501–2509. [Google Scholar] [CrossRef]

	



McCollough, S.F.; Piper, E.L.; Moubarak, A.S.; Johnson, Z.B.; Petroski, R.J.; Flieger, M. Effect of tall fescue ergot alkaloids on peripheral blood flow and serum prolactin in steers. J. Anim. Sci. 1994, 72 (Suppl. 1), 144. [Google Scholar]

	



Al-Haidary, A.; Spiers, D.; Rottinghaus, G.; Garner, G.; Ellersieck, M. Thermoregulatory ability of beef heifers following intake of endophyte-infected tall fescue during controlled heat challenge. J. Anim. Sci. 2001, 79, 1780–1788. [Google Scholar] [CrossRef] [PubMed]

	



Christison, G.; Johnson, H. Cortisol turnover in heat-stressed cows. J. Anim. Sci. 1972, 35, 1005–1010. [Google Scholar] [CrossRef] [PubMed]

	



Abilay, T.; Mitra, R.; Johnson, H. Plasma cortisol and total progestin levels in Holstein steers during acute exposure to high environmental temperature (42 °C) conditions. J. Anim. Sci. 1975, 41, 113–117. [Google Scholar] [CrossRef] [PubMed]

	



Wise, M.; Armstrong, D.; Huber, J.; Hunter, R.; Wiersma, F. Hormonal alterations in the lactating dairy cow in response to thermal stress. J. Dairy Sci. 1988, 71, 2480–2485. [Google Scholar] [CrossRef] [PubMed]

	



Becker, B.A.; Klir, J.J.; Matteri, R.L.; Spiers, D.E.; Ellersiek, M.; Misfeldt, M.L. Endocrine and thermoregulatory responses to acute thermal exposures in 6-month-old pigs reared in different neonatal environments. J. Therm. Biol. 1997, 22, 87–93. [Google Scholar] [CrossRef]

	



Goymann, W.; Möstl, E.; Van’t Hof, T.; East, M.L.; Hofer, H. Noninvasive fecal monitoring of glucocorticoids in spotted hyenas, Crocuta crocuta. Gen. Comp. Endocrinol. 1999, 114, 340–348. [Google Scholar] [CrossRef] [PubMed]

	



Nejad, J.G.; Lohakare, J.; Son, J.; Kwon, E.; West, J.; Sung, K. Wool cortisol is a better indicator of stress than blood cortisol in ewes exposed to heat stress and water restriction. Animal 2014, 8, 128–132. [Google Scholar] [CrossRef]

	



Davenport, M.D.; Tiefenbacher, S.; Lutz, C.K.; Novak, M.A.; Meyer, J.S. Analysis of endogenous cortisol concentrations in the hair of rhesus macaques. Gen. Comp. Endocrinol. 2006, 147, 255–261. [Google Scholar] [CrossRef]

	



Yamada, J.; Stevens, B.; de Silva, N.; Gibbins, S.; Beyene, J.; Taddio, A.; Newman, C.; Koren, G. Hair cortisol as a potential biologic marker of chronic stress in hospitalized neonates. Neonatology 2007, 92, 42–49. [Google Scholar] [CrossRef] [PubMed]

	



Kirschbaum, C.; Tietze, A.; Skoluda, N.; Dettenborn, L. Hair as a retrospective calendar of cortisol production—Increased cortisol incorporation into hair in the third trimester of pregnancy. Psychoneuroendocrinology 2009, 34, 32–37. [Google Scholar] [CrossRef] [PubMed]

	



Fürtbauer, I.; Solman, C.; Fry, A. Sheep wool cortisol as a retrospective measure of long-term HPA axis activity and its links to body mass. Domest. Anim. Endocrinol. 2019, 68, 39–46. [Google Scholar] [CrossRef] [PubMed]

	



Klotz, J.; Brown, K.; Xue, Y.; Matthews, J.; Boling, J.; Burris, W.; Bush, L.; Strickland, J. Alterations in serotonin receptor-induced contractility of bovine lateral saphenous vein in cattle grazing endophyte-infected tall fescue. J. Anim. Sci. 2012, 90, 682–693. [Google Scholar] [CrossRef] [PubMed]

	



Poudel, S.; Pent, G.J.; Fike, J.H.; Harlow, B.; Zeller, W. Effects of Sericea Lespedeza Supplementation on Steers Grazing Wild-Type Endophyte-Infected Tall Fescue. In Proceedings of the 2024 American Society of Animal Science Southern Section Meeting, Louisville, KY, USA, 27–30 January 2024. [Google Scholar]








[image: Animals 15 00373 g001] 





Figure 1. Daily average temperature–humidity index (THI) throughout the study period at the Shenandoah Valley Agriculture Research and Extension Center, Raphine, VA, across three summers. 
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Figure 2. Vegetation composition of the experimental pasture during the summer of 2023 at the Shenandoah Valley Agricultural Research and Extension Center, Raphine, VA, USA. 
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Figure 3. Hair cortisol (pg mg−1) concentration of steers on toxic endophyte-infected tall fescue supplemented with either sericea lespedeza pellets (LES) or sericea lespedeza pellets mixed with polyethylene glycol (LPEG) across three summers. No significant year × treatment interaction (p = 0.6717). Level of significance: p = 0.0746. 
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Figure 4. Ultrasonic measures of the lumen area of the caudal arteries (cm3) of steers on toxic endophyte-infected tall fescue supplemented with either sericea lespedeza pellets (LES) or sericea lespedeza pellets mixed with polyethylene glycol (LPEG). No significant period × treatment interaction (p = 0.2854). Level of significance: p < 0.01. 
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Table 1. Average forage biomass (kg ha−1) and quality (g kg−1 DM) of the experimental pasture across all summers at the Shenandoah Valley Agriculture Research and Extension Center, Raphine, VA, USA.
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Year

	
Forage Measures 1




	
Biomass, kg ha−1

	
CP

	
ADF

	
NDF

	
TEA (ppb)




	
g kg−1 DM






	
2021

	
3910 ± 295.1

	
103 ± 7.3

	
376 ± 8.9

	
690 ± 8.9

	
1650 ± 333.7




	
2022

	
4420 ± 212.4

	
102 ± 3.8

	
391 ± 6.4

	
690 ± 4.7

	
2330 ± 146.4




	
2023

	
4200 ± 327.9

	
93 ± 10.2

	
359 ± 7.7

	
607 ± 9.6

	
2460 ± 159.7








1 CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent fiber; TEA, total ergot alkaloid.













 





Table 2. Nutritive value (g kg−2 DM) of sericea lespedeza pellets, analyzed as single composite samples collected annually from 2021 to 2023.
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Year

	
Nutritive Value, g kg−1 DM 1




	
CP

	
ADF

	
NDF






	
2021

	
155

	
384

	
466




	
2022

	
133

	
372

	
453




	
2023

	
160

	
386

	
416








1 CP, crude protein; ADF, acid detergent fiber; NDF, neutral detergent fiber; CT values for the years 2022 and 2023 came from the same pooled source.













 





Table 3. Average daily gain (kg d−1) and hair coat score of steers on toxic fescue, supplemented with lespedeza pellets alone (LES) or with LES–polyethylene glycol (LPEG), across three summers.
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Measures

	
Treatments 1




	
LES

	
LPEG

	
SE

	
p-Value






	
ADG 2, (kg d−1)

	
0.60

	
0.48

	
0.032

	
0.0999




	
Hair Coat Score

	
3.85

	
4.19

	
0.121

	
0.0547








1 Treatments: LES (sericea lespedeza pellets) and LPEG (sericea lespedeza pellets mixed with polyethylene glycol), supplemented at 0.5% of body weight per day; six fall-born Angus steers assigned to each treatment. 2 No significant year × treatment interaction for ADG (p = 0.1648) and hair coat score (p = 0.0876).













 





Table 4. Extremity and rectal temperatures (°C) of steers on toxic endophyte-infected tall fescue supplemented with either sericea lespedeza pellets (LES) or sericea lespedeza pellets mixed with polyethylene glycol (LPEG) across three summers.
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Measures, °C

	
Treatments 1




	
LES

	
LPEG

	
SE

	
p-Value






	
Ear Skin Temperature 2,3

	
28.3

	
27.9

	
0.21

	
0.1826




	
Hoof Surface Temperature

	
27.8

	
27.7

	
0.25

	
0.6723




	
Tail Skin Temperature

	
27.5

	
26.6

	
0.20

	
0.0053




	
Rectal Temperature

	
39.4

	
39.8

	
0.04

	
<0.0001








1 Treatments: LES (sericea lespedeza pellets) and LPEG (sericea lespedeza pellets mixed with polyethylene glycol), supplemented at 0.5% of body weight per day; six fall-born Angus steers assigned to each treatment. 2 Extremity temperatures determined using a FLIR T630SC thermal camera (Teledyne FLIR LLC, Santa Barbara, CA). 3 No significant year × treatment interaction for extremity and rectal temperatures (p > 0.1230).
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