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The objective of the present study was to investigate the interaction of plane of nutrition and naturally occurring coccidiosis on finisher lamb growth performance, FAMACHA score, and rumen volatile fatty acid profile. The study included 30 Suffolk, Dorset or Suffolk x Dorset lambs and were divided into 2 groups based on their initial body weight and assigned to 2 feeding groups differing in dietary energy intake to create lambs representing divergent growth curves due to differing nutritional management. Lambs with naturally occurring coccidiosis and healthy lambs were present in both feeding groups making a 2 × 2 factorial arrangement of treatments, (a) high plane of nutrition (HPN) lambs with no clinical coccidiosis diagnosis (HPNH), (b) HPN lambs with clinical coccidiosis (HPNC), (c) low plane of nutrition (LPN) lambs with no clinical coccidiosis diagnosis (LPNH), (d) LPN lambs with clinical coccidiosis (LPNC). Body weight and FAMACHA scores were recorded once every 2 weeks. On d 65 of feeding, lambs were slaughtered, and rumen fluid samples were collected and analyzed for volatile fatty acid concentrations. All response variables were analyzed statistically using a linear mixed effects model with fixed effects for plane of nutrition, health status, and a random effect for initial body weight nested within the pen. The total and average weight gain were not associated with planes of nutrition, health status, or the interaction. Health status had an impact on FAMACHA© score (P = 0.047) and concentration of isobutyrate (P = 0.037) and tended to affect total VFA (P = 0.085) and acetate (P = 0.071) concentrations. The interaction between the plane of nutrition and the health status tended to affect butyrate concentration (P = 0.058). These data support the conclusion that coccidiosis infection impacted on rumen fermentation in a manner independent of the plane of nutrition; however, the translation of these rumen level impacts did not translate to the production responses.
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Introduction

Per capita lamb consumption in the U.S. is at a 20-year high, reaching 0.62 kg in 2021 (1). Despite high consumption, the U.S. sheep inventory is at all-time low of ~ 5.2 million sheep and lambs in 2019 (2). This discrepancy is largely because the domestic sheep industry fulfills only 50% of the U.S. demand for lamb meat and <30% of the demand for wool (3). Failure to meet this demand has resulted in increased levels of sheep meat and wool importation in the U.S. (1). Based on these market shifts, and the fact that the sheep industry is vital to the livelihood of many farmers throughout the country (4), there is potential for expanding the commercial sheep industry in the U.S. Additionally, sheep are used as a natural, low-cost means of managing rangelands, forests, and agricultural lands, because most of the nutrient requirements of mature sheep can be achieved through grazing, making sheep production suitable for low-input production environments.

Meeting adequate nutrition requirements of young lambs with high potential for live weight gain (4), however, requires more intensive feeding strategies. According to the NRC (4), young lambs, between 60 and 150 days of age, need diets with high protein and energy content which exceed the levels supplied in most forages used for sheep rearing. With seasonal fluctuations of forage quality most of the hay used for sheep feeding is low in crude protein and essential macro and micro minerals (5, 6). Therefore, to obtain high growth performance, diets with a high proportion of concentrate are typically used for finishing lambs. A great deal of research shows that lambs grow faster on concentrate-based diets than on forage-based diets (7–9). However, these feeding strategies often involve confinement feeding of lambs, resulting in challenges associated with maintaining flock health (2).

Maintaining a healthy flock is imperative for successful sheep operations because disease compromises overall growth rate, immunity, and reproductive performance, all leading to substantial economic losses (10, 11). The Animal and Plant Health Inspection Service of U.S. Department of Agriculture reported that internal parasites caused ~ 16 % loss in lambs (2) and a survey conducted by the same authority reported that gastrointestinal (GI) parasites are the number one health concern among sheep stakeholders (2). A 7-year review of clinical cases at Auburn University Veterinary Medical Teaching Hospital in Alabama found that parasite infection was the primary reason that 70% of sheep and 91% of goats were examined and treated by hospital clinicians (12). Gastrointestinal infestation with parasites is a particularly challenging situation because the infestation both increases cost of energy requirements due to activation of immune responses, and also depresses rumen function and negative consequences on metabolism (13) leading to lower energy supply to the animal (14). Coccidiosis is a major parasitic infection caused by Eimeria spp. protozoan that commonly infects the small and large intestines of sheep (15). Symptoms of clinical coccidiosis are diarrhea, dehydration, decreased appetite, weight loss, and death (16, 17). The effects of Eimeria infections on animals are thought to depend on the environmental situation, immunity of the animals (18), and the plane of nutrition. Studies focused on controlling coccidiosis are abundant in literature (19–22) but these studies are limited in exploring the interaction between plane of nutrition and naturally occurring coccidia on growth performance and rumen fermentation. Most of the coccidia associated studies have focused on the lower GI tract since it is the primary site of pathological change. Nevertheless, the impairment in the gastrointestinal tract may affect the function and activity of the rumen, contributing to impaired volatile fatty acid (VFA) production and reduced energy supplies to the animal. Because VFA are the main energy source for ruminants (23) and considering the cost of energy to maintain immunity and nutrient metabolism when lambs are under infection, it is worthwhile to investigate the effect of plane of nutrition and coccidiosis on rumen VFA production. Thus, the objective of this study was to explore how dietary manipulation and naturally occurring disease interact to influence animal performance and fermentation outcomes which will help to implement better health and nutritional management protocols.



Materials and methods


Animals, diets and experimental design

All the procedures and animal use described in this study were approved by the Virginia Tech Institutional Animal Care and Use Committee (Protocol #20-175). The study included 30 commercial wethers (Suffolk, Dorset or Suffolk x Dorset) that were group fed in a standard production feedlot (330 m2) at the Smithfield Farm, Virginia Tech, Blacksburg, VA. Prior to initiating the experiment all lambs were dewormed using fenbendazole (Panacur 10 mg/kg body weight, Merck Animal Heath, DE, USA) and Levamisole Hydrochloride (Prohibit at 8 mg/kg of body weight, AgriLabs, MO, USA), per standard industry management and veterinary recommendation. Deworming occurred 3 weeks prior to the start of the experiment and was not expected to interfere with the experimental measurements. Lambs were between 04 and 06 months of age at the start of the study. The lambs were classified by initial body weight targeting different finishing weights to cater market demands: low (28.4 ± 4.31 kg) and high (36.1 ±2.37 kg). Lambs were fed either (1) a low plane of nutrition (LPN) diet targeting 100 g/d weight gain or, (2) a high plane of nutrition (HPN) diet targeting 200 g/d weight gain. Due to market preferences, there is considerable variation in production systems regarding rates of lamb growth in the U.S (24). Including two planes of nutrition in this study allowed for generalization of results among different growth trajectories of finishing lambs. Grouping animals based on starting weights was reflective of industry settings where animals are grouped and purchased based on body weight. Body weight at the start of the study would be an emergent property of health, nutritional, genetic, and environmental factors, and is a complex phenotype that should not be conflated to reflect only differences in planes of nutrition.

Across plane of nutrition groups, lambs averaged 32.1 ± 4.5 kg body weight at the beginning of the experiment. After introduction to the feedlot environment, animals were naturally infected with Eimeria spp. Animals began showing signs of coccidiosis after 13 days, and both groups of animals received herd-level coccidiosis treatment with amprolium (Corid 9.6 % solution, 8 mg of amprolium per 1 kg of body weight for 5 consecutive days). Animals did not have a history of anticoccidial treatment prior to entering the feedlot.

Out of 30 lambs, 04 lambs died (1 due to coccidiosis, 2 due to pneumonia and coccidiosis, and 1 for undiagnosed reasons) during the experimental period and those lambs were excluded from the data set. From the 26 lambs that completed the trial, 9 lambs were diagnosed with clinical coccidiosis and recovered after treatment (infected lambs were individually treated following the same protocol as herd level treatment). The low nutritional group consisted of 14 lambs of which 6 lambs were diagnosed with coccidiosis. The HPN group consisted of 12 lambs, of which 3 lambs were diagnosed with coccidiosis. The resulting 4 treatment groups were (a) HPN lambs with no clinical coccidiosis diagnosis (HPNH), (b) HPN lambs with clinical coccidiosis (HPNC), (c) LPN lambs with no clinical coccidiosis diagnosis (LPNH), and (d) LPN lambs with clinical coccidiosis (LPNC). Diets in both groups were consisted with ad libitum grass hay and a commercial concentrate (Cargill Animal Nutrition, Minneapolis, MN, USA) supplement and were fed twice daily at 0900 h and 1700 h. Lambs in the LPN group received 0.45 kg of concentrate per lamb and 0.90 kg of concentrate per lamb in the HPN group. Target was to provide two levels of energy to achieve two different ADG. Both groups had access to fresh, clean water and mineral supplements throughout the day.



Measurements, sampling and laboratory analysis

Body weight and FAMACHA© scores were recorded once every 2 weeks. The FAMACHA system was used to determine the lower eye mucous membrane color that correspond to different levels of anemia: 1 = red, non-anemic; 2 = red-pink, non-anemic; 3 = pink, mildly anemic; 4 = pink-white, anemic; 5 = white, severely anemic (25). Although the FAMACHA© is developed to assess anemia caused by Haemonchus species, the tool has been used as an anemia indicator caused by a wide range of gastrointestinal parasites including Eimeria species (26, 27). Previous studies by Nurzaty Ewani et al., (26) and Wang et al., (28) observed anemia and diarrhea associated with lambs infected with Eimeria spp. Further, if lambs have more Haemonchus, this likely suppresses immune system and lambs will more likely be clinical for coccidia. Lambs were slaughtered on d 65 of the experiment and rumen fluid samples were collected from each animal promptly after slaughter. Samples were collected and processed in the laboratory and stored in glass vials at −20°C until further analysis. Approximately 100 g of concentrate and grass hay were collected weekly, composited, and stored in −20°C until analysis.

Volatile fatty acid concentrations were analyzed using gas chromatography. Concentration of total VFA and individual VFA per lamb were determined using a Hewlett-Packard 5,890 series gas chromatograph (Agilent Technologies, Santa Clara, CA) equipped with a glass packed column (23110-U, Sigma-Aldrich) with N2 as a carrier gas (24 mL/min). The inlet was 150°C, the flame ionization detector was 180°C, and the oven temperature was 175°C. Each run was 18 min long to separate acetate (retention time: 1.6 min), propionate (3.0 min), isobutyrate (5.2 min), butyrate (6.8 min), pivalic acid (internal standard; 7.8 min), 2-methylbutyrate (11 min), isovalerate (12.9 min), and valerate (16.1 min). To prevent carryover effects between samples and to maintain similar conditions, between each sample distilled H2O was injected. Feed samples were dried for 24 h at 55°C in a forced-air oven (Thermo Scientific Heratherm Advanced Protocol Ovens Model 51028115, Fisher Scientific, Waltham, MA) and ground to pass through a 1 mm screen of a Wiley mill (Model 4, Thomas Scientific, Swedesboro, NJ). Proximate analysis of feed samples was done by an external laboratory (Cumberland Valley Analytical Services, Waynesboro, PA). Analyses included DM (29, 30), N (method 990.03; Leco FP-528 Nitrogen Combustion Analyzer, Leco Corp., St. Joseph, MI), ADF [method 973.18; (31)], NDF (32), lignin (29), starch (33), ash [method 942.05; (31)], and minerals by inductively coupled plasma [method 985.01; (31)].



Statistical analysis

Statistical analyses were conducted in R version 4.1.2 (34) using the lme4 and lmerTest packages (35). Response variables included were total body weight gain, average daily gain, FAMACHA score and concentrations and molar proportions of individual VFA. The following model was fitted for all variables:
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where Yij is the dependent variable, μ is the overall mean, Ni is the fixed effect of the plane of nutrition, Hj is the fixed effect of health status, NHij is the interaction effect, BWk is the random effect of initial body weight of individual lamb nested within the pen, and eijklm is the residual error. Analysis of variance (ANOVA) was performed for each variable and estimated marginal means were calculated using the emmeans package (36). Significance was declared at P < 0.05 and a tendency considered when 0.05 ≤ P < 0.10. Importantly, in our statistical analysis, we used the effect of initial body weight to explore how group responses might differ due to initial differences in the animals (expressed as differences in body weight) vs. those differences based on the nutritional treatments. Due to a failure in sampling of rumen fluid, data from 2 animals from HPNH group were not used for the statistical analysis.




Results


Growth performance and FAMACHA score

The effects of the plane of nutrition and health status on growth performance and FAMACHA© score of lambs are presented in Table 1. The plane of nutrition, status of health or the interaction did not have an effect on total gain or ADG. Numerically, the highest WG and ADG were associated with HPNH group, and values in other groups were not significantly different from each other. Although the numerical differences support the idea that nutrition and health interact to support performance, the variability around individual animal performance within the study precluded identification of statistically significant relationships. Status of health had an effect on FAMACHA© scores (P = 0.047) and lower values were associated with healthy groups irrespective of the plane of nutrition, with numerically higher FAMACHA© scores were associated with coccidiosis conditions.


TABLE 1 Weight gain and FAMACHA score of lambs in response to the plane of nutrition and health status.
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Rumen volatile fatty acid profile

Concentrations and molar proportions of individual VFA are presented in Table 2. Health status caused by the coccidiosis infection had an effect on concentration of isobutyrate (P = 0.037) and tended to alter the concentrations of total VFA (P = 0.085) and acetate (P = 0.071). The interaction effect of the plane of nutrition and health status tended to affect butyrate concentrations (P = 0.058). Molar proportions of individual VFA were not affected by the plane of nutrition, health status or the interaction. Numerically, concentrations of total VFA and individual VFA in HPNH, HPNC and LPNH groups were quite similar to one another, while the LPNC group had the lowest reported values.


TABLE 2 Volatile fatty acid profiles of lambs in response to the plane of nutrition and health status.
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Discussion


Growth performance and FAMACHA© score

According to the NRC (4) guidelines for sheep nutrient requirements, 4–7 month old finisher lambs should achieve an ADG of range of 205 to 295 g. In the present study, irrespective of the plane of nutrition and health status neither group reached the recommended ADG, partially because diets were formulated to target lower rates of gain than suggested in the NRC (4). Despite the highest ADG of 87.5 g associated with the HPNH group; it is still <50% of the target used in formulation. Possible explanations for the limited growth rates observed in the present study could be poor feed intake and forage quality. Based on the chemical analysis of the forage and concentrates (Table 3) fed to the lambs, we observed that grass hay was lower in protein supply of 7.7% and higher NDF of 69%. This forage was quite mature and likely had poor digestibility. Another possible explanation for lower than the standard ADG we observed in the HPNH group is the negative impact of whole herd coccidiosis treatment and subclinical coccidiosis. Coccidiosis treatment is known to depress feed and water intake, thus may have negatively impacted productivity of animals. Further, the effect of coccidiosis on weight gain and feed efficiency has been inconsistent in studies and it is even more challenging to ascertain the influence of subclinical infections (37). Nevertheless, subclinical coccidiosis may contribute to low weight gain, reduced feed intake and feed utilization (38, 39). However, the lower ADG observed in the present study closely follows the ADG values reported in several previous studies (40, 41). In Atti and Mahouachi (40) they observed the highest ADG of 108 g/day for the high nutrition group and 61 g/day for the low nutrition group while Bhatt and Sahoo (41) reported 99 to 140 g/day ADG values. In contrast to present results which did not show an effect of nutritional plane on total weight gain, numerous previous studies have linked plane of nutrition and growth performance. For example, a previous study (42) reported that the plane of nutrition had a dramatic effect on lamb live weight, with low and high lambs differing in weight by 9.1 kg (P < 0.001) at weaning and by 14.9 kg at slaughter. Indeed, standard understanding of energetics also supports the expectation that lambs fed greater energy content diets should grow more rapidly. Although we observed numerically higher total weight gains and ADG in the HPN group compared with the LPN group, the variability induced by the added health challenge, and the small number of animals used in each group may help explain why these numerical differences did not approach statistical significance. Indeed, our numerical differences are sensible given the basic understanding of nutritional energetics and concur well with other previous work (43, 44) reporting positive gain responses in feedlot lambs with dietary concentrate.


TABLE 3 Chemical composition of grass hay and commercial concentrate fed to lambs during the experiment.
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A major limitation of implementing a selective treatment approach for parasitic infections has been the lack of an efficient and economical means of identifying those animals' requiring treatment. To address this issue, FAMACHA score has been utilized successfully in African countries (45, 46) and the United States (47, 48). As shown in Table 1, FAMACHA© score did not differ between groups in response to the plane of nutrition but was affected by the health status (P = 0.047). The highest FAMACHA© score was observed in the LPNC group and is indicative of anemia due to the impaired ability of host to absorb nutrients caused by coccidiosis infection. In agreement with our results, the severity of coccidiosis in previous studies showed a significant correlation (r = 0.48, P < 0.01) with FAMACHA© score (26, 27). In these studies, they observed FAMACHA© score ranged between 2 and 3 which is slightly higher than the observed FAMACHA scores in the present study, which ranged between 1.43 (HPN, healthy) to 2.43 (LPN, infected). Another rational explanation for the anemic conditions we observed in infected groups may have caused by the occurrence of H. contortus even though it was not determined in the present study. H. contortus is the most pathogenic blood-sucking gastrointestinal nematode in ruminants and it causes anemic condition and also contributes to the severity of coccidia. This explanation is supported by a study where they reported anemic conditions in lambs and goat kids infected with both Eimeria spp. and H. contortus (49).



Rumen VFA

Rumen VFA profile is known to be altered in response to the different ratios of forage to concentrate due to the changes in nutrient supply. However, other than isobutyrate, no differences of VFA concentrations or molar proportions in response to the plane of nutrition and health status were observed in this study. This is not particularly surprising because animals were fed similar diets, differing only by the mass of concentrate allocated daily. The lack of dietary influence on VFA might reflect the ability of the rumen and the animal to adapt to appropriate dietary concentrate: forage ratios through the self-adjustment of forage intake under ad libitum access to forage. In agreement with our results, previous studies reported no changes in total VFA of Tibetian sheep fed with different ratios of forage and concentrate (50). In ruminants, total VFA concentrations may be as low as 30 mM or be in excess of 200 mM but is typically between 70 and 130 mM (51). In our data we observed total VFA concentrations across groups were closer to the lower end. These data suggest that altering the plane of nutrition, within the bounds of this study, while maintaining ad libitum access to hay, supported fairly consistent rumen VFA conditions. Importantly, this should not be conflated with similar energy supplied by VFA from the different planes of nutrition, because rumen VFA concentrations do not take into account production, absorption, and interconversion of VFA, and are considerably influenced by rumen fluid pool size and dynamics. As such, these data are best interpreted to support a consistent form of fermentation among the two planes of nutrition.

Effect of coccidiosis on rumen fermentation and VFA profile is not extensively studied mainly because the negative impacts localized in the small and large intestines (16, 52). Coccidiosis from the Eimeria spp., results in destruction of the epithelial cells of the intestine hence the coccidia infection strongly interacts with the digestive microflora. A previous study reported a significant change in digestive microflora in goat kids where they observed progressive reduction of the Gram-positive population from 84% pre-infection to 24.3% after the onset of diarrhea. On the other hand, the Gram-negative population was conversely increased from 16% pre-infection to 75.7% after diarrhea (53). Therefore, we can assume that infection of coccidiosis also has the capacity to alter rumen microflora of lambs. This mechanism supports the lower concentrations of total VFA and individual VFA associated with coccidiosis infected groups. Lower concentrations may also reflect dysregulated fluid dynamics, which are consistent with GI infection.

We did not observe differences in molar proportions of individual VFA across groups, but the low butyrate molar proportions in all groups is noteworthy. Moreover, the interaction effect of nutrition and coccidiosis infection had a tendency toward altering butyrate concentration (P = 0.058) resulting lowest concentration in LPNC group, and both observations suggest modifications to butyrate in the rumen. Alterations in butyrate production make sense given its role in functional development of rumen epithelium (54, 55) and also in lower GI tract (56, 57). Studies have reported that increased concentration of butyrate is highly correlated with the enlargement of the ruminal epithelium absorptive surface area (58). We can speculate that the interactive effect of health and nutrition across all the groups suppressed the activity of certain rumen microorganisms which are responsible for producing butyrate hence low concentration and molar proportion of butyrate. It is possible that these shifts may also confer under-development and reduced functionality of the rumen and intestinal epithelium cells. This hurdle of poor rumen functionality possibly lowered feed utilization by lambs leading to the low weight gains observed. One can argue that the above concept can be reverse engineered; impaired health directly suppressed the development and functionality of the rumen epithelium and limited the utilization of butyrate by the cell wall hence accumulating more butyrate in the rumen. The observed numerically higher butyrate molar proportions in coccidiosis infected groups support the possible importance of this feedback in driving animal physiology. The same explanation of acid accumulation and hence slowing down the synthesis of VFA can be applied to the other VFA concentration data as well (59). Nevertheless, the lack of confirming measurements and prevailing lack of statistically significant differences among molar proportions precludes definitive discussion on these linkages. Future work should further explore the role of butyrate dynamics and epithelial function during GI parasite infection to more thoroughly explore these concepts.




Conclusion

This study sought to investigate the effect of plane of nutrition and coccidiosis infection on finisher lamb growth performance, FAMACHA score, and rumen volatile fatty acid profile. Plane of nutrition did not have an impact on any of the response variables considered. Health status showed a significant effect on FAMACHA score and concentrations of isobutyrate and tendency toward total VFA, acetate, and butyrate suggesting both or either, alteration in rumen microbial profile or rumen epithelium as explanations. An interaction between the plane of nutrition and health status was identified for butyrate concentrations. Overall, this result leads us to assume that changes in nutritional plane could have an impact on growth performance but in our study the effect of health status were more prominent suggesting that it is challenging to overcome the effect of suppressed immunity through nutritional strategies.

In future studies, it would be beneficial to focus on the effect of coccidiosis infection during rumen and overall gut development (preferably lambs below 3 months old age) and consequently how it will impact overall rumen function later in life. This will be helpful to develop clinical and nutritional interventions to support animals that have been exposed to coccidiosis and other related infections.



Data availability statement

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



Ethics statement

The animal study was reviewed and approved by Virginia Tech Institutional Animal Care and Use Committee (Protocol #20-175).



Author contributions

SS and RW: conceptualization and design of the study. SS and BR: performed the experiment. SS, BR, ME, and EH: collection of samples. SS: sample preparation, formal analysis, manuscript writing, and editing. RW: statistical analysis and editing the manuscript. HS: animal care and animal health consulting. All authors contributed to the editing of the final version of the manuscript.



Funding

Authors would like to extend their gratitude to the Virginia Agricultural Council for the financial support (Grant number: 771). Furthermore, the authors are grateful to Virginia Tech Open Access Subvention Fund for providing the article processing fee.



Acknowledgments

We would like to acknowledge Con-Ning Yen, PhD candidate, School of Animal Sciences, Virginia Tech for her support during sampling and Dr. Kelly Mitchell, The Ohio State University for volatile fatty acid analysis.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Publisher's note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References

 1. American Sheep Industry Association. Sheep Industry Review. (2021).

 2. USDA NAHMS. Sheep Needs Assesment. (2021).

 3. Purcell W. Analysis of Lamb Demand in the United States. (2007)

 4. National Research Council. Committee on Nutrient Requirements of Small, Council National Research, Ruminants Committee on the Nutrient Requirements of Small, Agriculture Board on, Earth Division on, Studies Life, Nutrient requirements of small ruminants: sheep, goats, cervids, and new world camelids (2007).

 5. Griggs TC, Drake DR, Parkinson SC. “Production and quality of warm-season annual forage grasses,” in Proceedings, Idaho Alfalfa and Forage Conference (2008).

 6. McCartney D, Fraser J, Ohama A. Potential of warm-season annual forages and Brassica crops for grazing: a Canadian review. Can J Anim Sci. (2009) 89:431–40. doi: 10.4141/CJAS09002

 7. Fimbres H, Hernández-Vidal G, Picón-Rubio JF. Kawas JR, Lu CD. Productive performance and carcass characteristics of lambs fed finishing ration containing various forage levels. Small Rumin Res. (2002) 43:283–88. doi: 10.1016/S0921-4488(02)00014-7

 8. Demirel G, Ozpinar H, Nazli B, Keser O. Fatty acids of lamb meat from two breeds fed different forage: concentrate ratio. Meat Sci. (2006) 72:229–35. doi: 10.1016/j.meatsci.2005.07.006

 9. Archimède H, Pellonde P, Despois P, Etienne T, Alexandre G. Growth performances and carcass traits of Ovin Martinik lambs fed various ratios of tropical forage to concentrate under intensive conditions. Small Rumin Res. (2008) 75:162–70. doi: 10.1016/j.smallrumres.2007.10.001

 10. Odden A, Enemark HL, Robertson LJ, Ruiz A, Hektoen L, Stuen S. Treatment against coccidiosis in Norwegian lambs and potential risk factors for development of anticoccidial resistance—a questionnaire-based study. Parasitol Res. (2017) 116:1237–45. doi: 10.1007/s00436-017-5400-7

 11. Dudko P, Junkuszew A, Bojar W, Milerski M, Szczepaniak K, Le Scouarnec J. et al. Effect of dietary supplementation with preparation comprising the blend of essential oil from Origanum vulgare (lamiaceae) and Citrus spp(citraceae) on coccidia invasion and lamb growth. Ital J Anim Sci. (2018) 17:57–65. doi: 10.1080/1828051X.2017.1346965

 12. Pugh DG, Navarre CB. Internal parasite control strategies. Vet Clin North Am Food Anim Pract. (2001) 17:231–44. doi: 10.1016/S0749-0720(15)30026-8

 13. Mavrot F, Hertzberg H, Torgerson P. Effect of gastro-intestinal nematode infection on sheep performance: a systematic review and meta-analysis. Parasit Vectors. (2015) 8:1–11. doi: 10.1186/s13071-015-1164-z

 14. Jacobson C, Larsen JWA, Besier RB, Lloyd JB, Kahn LP. Diarrhoea associated with gastrointestinal parasites in grazing sheep. Vet Parasitol. (2020) 282:109139. doi: 10.1016/j.vetpar.2020.109139

 15. Raue K, Heuer L, Böhm C, Wolken S, Epe C, Strube C. 10-year parasitological examination results (2003 to 2012) of faecal samples from horses, ruminants, pigs, dogs, cats, rabbits and hedgehogs. Parasitol Res. (2017) 116:3315–30. doi: 10.1007/s00436-017-5646-0

 16. Chartier C, Paraud C. Coccidiosis due to Eimeria in sheep and goats, a review. Small Rumin Res. (2012) 103:84–92. doi: 10.1016/j.smallrumres.2011.10.022

 17. Andrews AH. Some aspects of coccidiosis in sheep and goats. Small Rumin Res. (2013) 110:93–5. doi: 10.1016/j.smallrumres.2012.11.011

 18. Gregory MW. Catchpole Janet, Joyner LP, Parker BNJ. Observations on the epidemiology of coccidial infections in sheep under varying conditions of intensive husbandry including chemoprophylaxis with monensin. Parasitol. (1983) 87:421–27. doi: 10.1017/S0031182000082949

 19. Fitzgerald PR, Mansfield ME. Ovine coccidiosis: effect of the antibiotic monensin against Eimeria ninakohlyakimovae and other naturally occurring coccidia of sheep. Am J Vet Res. (1978) 39:7–10.

 20. Taylor MA, Catchpole J, Marshall J, Marshall RN, Hoeben D. Histopathological observations on the activity of diclazuril (Vecoxan®) against the endogenous stages of Eimeria crandallis in sheep. Vet Parasitol. (2003) 116:305–14. doi: 10.1016/S0304-4017(03)00256-5

 21. Saratsis A, Voutzourakis N, Theodosiou T, Stefanakis A, Sotiraki S. The effect of sainfoin (Onobrychis viciifolia) and carob pods (Ceratonia siliqua) feeding regimes on the control of lamb coccidiosis. Parasitol Res. (2016) 115:2233–42. doi: 10.1007/s00436-016-4966-9

 22. de Souza Rodrigues F, Cezar AS, de Menezes FR, Sangioni LA, Vogel FSF, de Avila BS. Effect of toltrazuril at single dose against Eimeria spp. in lambs kept at pasture in condition favorable to coccidiosis. Small Rumin Res. (2020) 192:106211. doi: 10.1016/j.smallrumres.2020.106211

 23. Bergman EN. Energy contributions of volatile fatty acids from the gastrointestinal tract in various species. Physiol Rev. (1990) 70:567–90. doi: 10.1152/physrev.1990.70.2.567

 24. Thorne JW, Murdoch BM, Freking BA, Redden RR, Murphy Thomas W, Taylor JB, et al. Evolution of the sheep industry and genetic research in the United States: opportunities for convergence in the twenty-first century. Anim Genet. (2021) 52:395–408. doi: 10.1111/age.13067

 25. Van Wyk JA, Bath GF. The FAMACHA system for managing haemonchosis in sheep and goats by clinically identifying individual animals for treatment. Vet Res. (2002) 33:509–29. doi: 10.1051/vetres:2002036

 26. Nurzaty Ewani AH, Ariff OM, Sani RA, Rasedee A. Relationship between coccidiosis infection and hematological profile, body weight and famacha scores in Dorper sheep. Mal J Anim Sci. (2014) 17:103–10.

 27. Meradi S, Bentounsi B. Lamb's Eimeria infections raised in a steppic region and their impacts on clinical indicators (FAMACHA© and Disco). J Parasit Dis. (2021) 45:599–605. doi: 10.1007/s12639-020-01336-z

 28. Wang CR, Xiao JY, Chen AH, Chen J, Wang Y, Gao JF, et al. Prevalence of coccidial infection in sheep and goats in northeastern China. Vet Parasitol. (2010) 174:213–17. doi: 10.1016/j.vetpar.2010.08.026

 29. Goering HK, Van Soest PJ. Forage fiber analyses (apparatus, reagents, procedures, and some applications). US Agricultural Research Service. (1970).

 30. Shreve B, Thiex N, Wolf M. NFTA Method 2.1. 4—Dry matter by oven drying for 3 hr at 105C. National Forage Testing Association, Lincoln, NE. (2006).

 31. Horwitz W, Latimer GW. Association of Official Analytical chemists. Gaithersburg: MD, USA. (2000).

 32. Van Soest PJ, Robertson JB, Lewis BA. Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J Dairy Sci. (1991) 74:3583–97. doi: 10.3168/jds.S0022-0302(91)78551-2

 33. Hall MB. Determination of starch, including maltooligosaccharides, in animal feeds: Comparison of methods and a method recommended for AOAC collaborative study. J AOAC Int. (2009) 92:42–9. doi: 10.1093/jaoac/92.1.42

 34. R Core Team. R: A Language and Environment For Statistical Computing. Published online (2021).

 35. Bates D, Mächler M, Bolker B, Walker S. Fitting Linear Mixed-Effects Models Using lme4. arXiv preprint arXiv:1406.5823 (2014). doi: 10.18637/jss.v067.i01

 36. Lenth R, Singmann H, Love J, Buerkner P, Herve M. Package ‘emmeans' (2019).

 37. De la Fuente C, Cuquerella M, Carrera L, Alunda JM. Effect of subclinical coccidiosis in kids on subsequent trichostrongylid infection after weaning. Vet Parasitol. (1993) 45:177–83. doi: 10.1016/0304-4017(93)90072-U

 38. Gauly M, Reeg J, Bauer C, Erhardt G. Influence of production systems in lambs on the Eimeria oocyst output and weight gain. Small Rumin Res. (2004) 55:159–67. doi: 10.1016/j.smallrumres.2004.02.001

 39. Kaya G. Prevalence of Eimeria species in lambs in Antakya province. Turk J Vet Anim Sci. (2004) 28:687–92. Available online at: journals.tubitak.gov.tr/veterinary/vol28/iss4/9

 40. Atti N, Mahouachi M. The effects of diet, slaughter weight and docking on growth, carcass composition and meat quality of fat-tailed Barbarine lambs. A review Trop Anim Health Prod. (2011) 43:1371–78. doi: 10.1007/s11250-011-9865-6

 41. Bhatt RS, Sahoo A. Effect of adding formaldehyde treated protein alone and with Saccharomyces cerevisiae in diet on plane of nutrition, growth performance, rumen fermentation and microbial protein synthesis of finisher lambs. Small Rumin Res. (2019) 171:42–8. doi: 10.1016/j.smallrumres.2018.12.005

 42. Hegarty RS, Shands C, Marchant R, Hopkins DL, Ball AJ, Harden S. Effects of available nutrition and sire breeding values for growth and muscling on the development of crossbred lambs. 1: Growth and carcass characteristics. Aus J Agric Res. (2006) 57:593–603. doi: 10.1071/AR04275

 43. Fimbres H, Kawas JR, Hernández-Vidal G, Picón-Rubio JF, Lu CD. Nutrient intake, digestibility, mastication and ruminal fermentation of lambs fed finishing ration with various forage levels. Small Rumin Res. (2002) 43:275–81. doi: 10.1016/S0921-4488(02)00013-5

 44. Papi N, Mostafa-Tehrani A, Amanlou H, Memarian M. Effects of dietary forage-to-concentrate ratios on performance and carcass characteristics of growing fat-tailed lambs. Anim Feed Sc Technol. (2011) 163:93–8. doi: 10.1016/j.anifeedsci.2010.10.010

 45. Ejlertsen M, Githigia SM, Otieno RO, Thamsborg SM. Accuracy of an anaemia scoring chart applied on goats in sub-humid Kenya and its potential for control of Haemonchus contortus infections. Vet Parasitol. (2006) 141:291–301. doi: 10.1016/j.vetpar.2006.05.020

 46. Sissay MM, Uggla A, Waller PJ. Epidemiology and seasonal dynamics of gastrointestinal nematode infections of sheep in a semi-arid region of eastern Ethiopia. Vet Parasitol. (2007) 143:311–21. doi: 10.1016/j.vetpar.2006.08.026

 47. Kaplan RM, Burke JM, Terrill TH, Miller JE, Getz WR, Mobini S, et al. Validation of the FAMACHA© eye color chart for detecting clinical anemia in sheep and goats on farms in the southern United States. Vet Parasitol. (2004) 123:105–20. doi: 10.1016/j.vetpar.2004.06.005

 48. Burke JM, Kaplan RM, Miller JE, Terrill TH, Getz WR, Mobini S, et al. Accuracy of the FAMACHA system for on-farm use by sheep and goat producers in the southeastern United States. Vet Parasitol. (2007) 147:89–95. doi: 10.1016/j.vetpar.2007.03.033

 49. Acharya Mohan, Burke Joan M, Miller James E, Terrill Thomas H, Wood Erin L, Muir James P. Quebracho tannins aid in the control of Eimeria spp. and gastrointestinal nematodes in lambs and goat kids. Vet Parasitol. (2020) 288:109295. doi: 10.1016/j.vetpar.2020.109295

 50. Liu Hongjin, Xu Tianwei, Xu Shixiao, Ma Li, Han Xueping, Wang Xungang, et al. Effect of dietary concentrate to forage ratio on growth performance, rumen fermentation and bacterial diversity of Tibetan sheep under barn feeding on the Qinghai-Tibetan plateau. PeerJ. (2019) 7:e7462. doi: 10.7717/peerj.7462

 51. Dijkstra J, Forbes JM, France J. Quantitative Aspects of Ruminant Digestion and Metabolism. Cambridge: CABI Pub. (2005). doi: 10.1079/9780851998145.0000

 52. Etsay K. Megbey S, Yohannes H. Prevalence of sheep and goat coccidiosis in different districts of Tigray region, Ethiopia Niger. J Anim Sci. (2020) 22:61–9.

 53. Mohammed RA, Idris OA, El Sanousi SM, Abdelsalam EB. The effect of coccidian infection on the gut microflora of Nubian goat kids. DTW Deutsche Tierarztliche Wochenschrift. (2000) 107:414–16.

 54. Lin L, Xie F, Sun D, Liu J, Zhu W, Mao S. Ruminal microbiome-host crosstalk stimulates the development of the ruminal epithelium in a lamb model. Microbiome. (2019) 7:1–16. doi: 10.1186/s40168-019-0701-y

 55. Liu L, Sun D, Mao S, Zhu W, Liu J. Infusion of sodium butyrate promotes rumen papillae growth and enhances expression of genes related to rumen epithelial VFA uptake and metabolism in neonatal twin lambs. J Anim Sci. (2019) 97:909–21. doi: 10.1093/jas/sky459

 56. Górka P, Kowalski ZM, Pietrzak P. Kotunia Anna, Jagusiak W, Holst JJ, et al. Effect of method of delivery of sodium butyrate on rumen development in newborn calves. J Dairy Sci. (2011) 94:5578–88. doi: 10.3168/jds.2011-4166

 57. Kowalski ZM, Górka P, Flaga J, Barteczko A, Burakowska K, Oprzadek J, et al. Effect of microencapsulated sodium butyrate in the close-up diet on performance of dairy cows in the early lactation period. J Dairy Sci. (2015) 98:3284–91. doi: 10.3168/jds.2014-8688

 58. Malhi M, Gui H, Yao L, Aschenbach JR, Gäbel G, Shen Z. Increased papillae growth and enhanced short-chain fatty acid absorption in the rumen of goats are associated with transient increases in cyclin D1 expression after ruminal butyrate infusion. J Dairy Sci. (2013) 96:7603–16. doi: 10.3168/jds.2013-6700

 59. Monteiro HF, Faciola AP. Ruminal acidosis, bacterial changes, and lipopolysaccharides. J Animal Sci. (2020) 98:skaa248. doi: 10.1093/jas/skaa248





OPS/images/fvets-10-1184557-t003.jpg
Grass hay Commercial

concentrate®

Dry matter, % 93.9 9L6
Composition, % of DM

Crude protein 7.70 157
NDF 69.0 123
ADF 39.1 670
Lignin 4.80 092
Starch 3.10 1495
Ash 574 8.03
Calcium 039 1.09
Phosphorus 032 0.52
Magnesium 027 036
Potassium 1.83 085

*Ingredients of the commercial concentrate: Processes grain by-products, grain products,
roughage products, plant protein products, cane molasses (with propionic acid, sodium
benzoate, potassium sorbate as preservatives), calcium carbonate salt, ammonium chloride,
lignin sulfonate, soybean oil, sodium selenite, potassium sulfate, vitamin E supplement,
magnesium sulfate, vitamin A supplement, vitamin D3 supplement, zinc oxide, manganous
oxide, ferrous sulfate, calcium iodate, cobalt carbonate.

Lambs in 2 nutritional planes (HPN and LPN) received the diet in this table consisted of grass
hay (ad libitum) and different levels of commercial concentrate (0.90 kg/animal/day for HPN
group and 0.45 kg/animal/day for LPN group).
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HPNH HPNC LPNH LPNC P-value

Nutrition Health Nutrition x Health

Total WG, kg 20.3 15.90 16.7 168 3.83 0.738 0.482 0.463
ADG, g 87.5 68.8 72.0 724 16.52 0.738 0.482 0.463
FAMACHA 1.70 1.93 1.70 223 0.311 0.720 0.047% 0.348

HPNH, high plane of nutrition healthy; HPNC, high plane of nutrition coccidiosis infected; LPNH, low plane of nutrition healthy; LPNC, low plane of nutrition coccidiosis infected; WG, weight
gain ADG, average daily gain. Number of lambs included in cach group was; HPNH = 7, HPNC = 3, LPNH = 8, LPNC = 6.
*P<0.05.
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Nutrition Health Nutrition x Health

Total VEA, mM 465 453 472 29.0 7.55 0.380 0.085 0.129
Acetate, mM 29.7 284 294 18.6 5.08 0418 0.071 0.150
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Isovalerate, mM 0.482 0.397 0576 0.286 0.131 0.950 0.120 0376
Isobutyrate, mM 0.799 0.513 0.897 0.592 0.157 0.573 0.037* 0.938
AP 2.50 2.52 2.50 2.59 0.182 0.484 0.744 0.324
Acetate, % 64.3 64.0 62.5 62.5 222 0.516 0.938 0.928
Propionate, % 25.0 254 25.9 25.0 1.40 1.000 0.843 0.586
Butyrate, % 5.97 6.69 6.35 6.61 0.759 0.861 0436 0.710
Valerate, % 1.45 1.73 1.50 1.80 0.397 0.773 0.120 0.959
Isovalerate, % 0.983 0.892 12 L15 0.393 0.645 0.749 0.929
Isobutyrate, % 1.67 1.17 1.84 2.12 0.701 0.558 0.697 0.196

HPNH, high plane of nutrition healthy, HPNC, high plane of nutrition coccidiosis infected, LPNH, low plane of nutrition healthy, LPNC, low plane of nutrition coccidiosis infected, WG, weight
gain, ADG, average daily gain. Number of lambs included in each group was; HPNH = 7, HPNC = 3, LPNH = 8, LPNC = 6.
*P<0.05.
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