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Chili straw is a crop residue that can be used as an unconventional feed additive in animal production, exhibiting potential value in improving animal health. This study investigated the effects of dietary chili straw on growth performance, rumen fungal community composition, and metabolic function in sheep. Thirty finishing sheep (3-4 months old) with similar body weights were randomly divided into three groups (n = 10) and fed diets containing 0, 10, and 20% capsicum straw (CS) for 63 days, including a 7-day adaptation period. At the end of the trial, body weights were recorded, and rumen fluid samples were collected to assess growth performance, fungal diversity, and functional profiles. Dry matter intake (DMI) significantly increased in the 10% CS group (P < 0.01), which was 9.71% higher than that of CON group, while DMI and final body weight of 20% CS group (P < 0.01 or P < 0.05) decreased by 6.81 and 8.81%, respectively, compared with CON group. Final body weight and average daily gain (ADG) showed an upward trend in the 10% CS group (P > 0.05), while ADG displayed a downward trend in the 20% CS group (P > 0.05). The ACE and Chao1 indices were significantly elevated in the 20% CS group (P < 0.05). Principal coordinate analysis (PCoA) and non-metric multidimensional scaling analysis (NMDS) showed that compared with the control (CON) group, the representative points of the 20% CS group gathered more closely. Relative abundances of Ascomycota and Cladosporium increased, whereas Basidiomycota and Kazachstania decreased in CS-supplemented groups (P > 0.05). FUNGuild functional prediction indicated increased relative abundances of symbiotrophic and pathotrophic fungi and decreased saprotrophic fungi in CS groups (P > 0.05). The gross profit and net profit of the CS10% group were significantly higher than those of the other groups, which were 15.16 and 24.44% higher than those of the control group, respectively. Thus, adding 10% CS to sheep feed can improve the composition of rumen fungi and growth performance, thereby increasing profitability in sheep production.
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1 Introduction

Chili pepper (Capsicum annuum L.), a herbaceous annual plant in the Solanaceae family, is native to South America and has been widely cultivated across tropical and temperate regions globally (Carrizo et al., 2016; Liu et al., 2023). FAO statistical data indicate that global chili production exceeds 40 million tons annually (Food and Agriculture Organization of the United Nations).1 While generating significant economic value, this crop also yields a by-product called chili straw (CS) that makes up 30-40% of the total biomass. Traditionally, such agricultural waste has been incinerated or disposed of in a landfill, which not only wastes resources, but also releases greenhouse gases like CO2 and methane (Li et al., 2018). In recent years, with the advancement of global carbon neutrality strategies, the utilization of agricultural by-products as feed resources has become a major focus in animal husbandry research. CS contains 92.02% dry matter (DM), 6.81% crude protein (CP), 1.13% ether extract (EE), and 54.66% neutral detergent fiber (NDF). Its crude protein content (6.81%) is higher than that of corn stover (5.00%) and wheat straw (3.00%), while its neutral detergent fiber (54.66%) is lower than corn stover (70.00%) and wheat straw (81.00%), demonstrating potential value as ruminant roughage (NRC, 2007; Li J. L. et al., 2024). However, the physical barriers formed by its acid detergent fiber (45.00%) and lignin (38.00%) may constrain the bioaccessibility of its nutrients, highlighting the need to determine how well it can be digested by rumen microbiota.

The unique rumen ecosystem of ruminants harbors a diverse microbial community comprising bacteria, archaea, protozoa, and fungi. Although rumen fungi constitute only 5-20% of the rumen microbiota, they play a pivotal role in fiber degradation. They mitigate the negative effects of lignin in the rumen while generating fermentable sugars (Anil et al., 2015). Studies have shown that under sterile conditions, rumen fungi can degrade more than half of the DM in feed (Fliegerova et al., 2015). Rumen fungi deploy a specialized rhizoidal system to mechanically disrupt lignocellulose, which is then degraded by secreted fiber-hydrolyzing cellulases and ligninases that enzymatically break down the structural polysaccharides in feed. This process creates favorable conditions for subsequent bacterial fermentation (Hess et al., 2020; Dos Santos et al., 2021; Wei et al., 2022). Notably, fungal taxa like Ascomycota, Neocallimastigomycota, and Neocallimastix exhibit substrate specificity, exclusively targeting fibrous materials. This functional differentiation suggests that dietary adjustments could enhance overall digestive efficiency by modulating fungal community composition and activity.

Recent reports have shown that CS added to feed can enhance animal production performance, energy and protein metabolism, improve the rumen microenvironment, and promote livestock health and product quality. Research has demonstrated that dietary supplementation with 10-15% CS increases serum glucose, total protein, and albumin levels in sheep, effectively enhancing energy and protein metabolism (Li J. L. et al., 2024). CS contains bioactive compounds such as flavonoids, polyphenols, and polysaccharides, which are critical for reducing systemic inflammation and improving animal health. Xu et al. (2024) reported that feeding CS to Ipora meat rabbits elevated serum IgA and IgM levels, thereby enhancing immune function. Lu (2023) observed that CS supplementation in sheep increased the abundance of Firmicutes in the rumen, optimizing the microbial ecosystem. CS inclusion elevated the relative abundance of the Rikenellaceae_RC9_gut_group, a family of fiber-degrading rumen bacteria, reduced saturated fatty acid (SFA) content in lamb meat from 57.22 to 53.30%, and increased the unsaturated-to-saturated fatty acid ratio from 0.08 to 0.10 (Li J. et al., 2024). This study hypothesized that these mechanisms may also involve fungal-mediated enhancement of fiber degradation. However, existing research has focused predominantly on rumen bacterial communities, with limited exploration of fungal community dynamics and functional roles.

Building on prior research, this study aimed to investigate the effects of dietary supplementation with CS on growth performance and rumen fungal diversity in finishing-phase sheep. By analyzing differences in the rumen fungal population, this research seeks to further elucidate the mechanisms underlying the effect of dietary CS on sheep, to provide a reference for the use of CS as an alternative feed resource in sheep production.



2 Materials and methods

The protocols for animal care and handling in this study were designed in compliance with the Guidelines for the Care and Use of Laboratory Animals in China and approved by the Animal Care Committee of Xinjiang Academy of Animal Sciences, China (Protocol License No. 3 20230507, Urumqi, China).


2.1 Materials

Chili straw is composed of the air-dried roots and stems remaining after the fruit of Tianjiao Hongguan chili [registration no. GPD chili (2017) 650019] was harvested. The chili straw used in this study was provided by Xinjiang Yuanda Green Agriculture Development Co. Ltd. (Kashgar, China). This study used LC-MS to detect bioactive substances in CS, and a total of 1,189 bioactive substances were found. The nutritional level and active substance composition of chili straw have been reported in our previous study (Li J. et al., 2024).



2.2 Experimental design, animal diets, and management

This study is part of a series of experiments on using CS as a feed supplement in meat sheep production. The procedures were performed at the sheep farm of Xinjiang Taihe Agriculture and Animal Husbandry Technology Co., Ltd. (Bachu County, Kashgar Prefecture, Xinjiang Uygur Autonomous Region, China; longitude 78.61143; latitude 39.779815). In this study, 30 F1 hybrid lambs from a cross of Dorper × Hu sheep were used, 3–4 months old, with body weights of 29.53 ± 2.07 kg. The experimental animals were randomly divided into three groups (n = 10). Sheep in the control group (CON) were fed the standard total mixed granule diet, and those in the test group (CS) received the total mixed granule diet containing 10% and 20% air-dried CS. The energy level and protein content of the CON and CS diets were the same. The experiment lasted for 63 days, with the first 7 days being used as the diet adaptation period, and the following 56 days for the feeding experiment. The basal diet contained the nutrients recommended by the NRC (2007) for sheep (Table 1). The CON and CS groups were raised under the same conditions, and each group of 10 sheep was kept in a single enclosure. Before the experiment began, the animals were dewormed and the feeding area was thoroughly disinfected. The animals were fed at 8:00 and 19:30 every day, and had free access to food and water. During the test, the feeding environment was dry and well-ventilated. The daily feeding amount was adjusted according to the previous day’s intake to maintain 2-4% residual feed.


TABLE 1 Composition and nutrient levels of the basal diet (DM basis, %).
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2.3 Sample collections

On day 57, four experimental sheep were selected from each group based on body weight and euthanized by exsanguination through the jugular artery and vein following electric stunning after 12 h of fasting and 2 h of water deprivation as required by the animal welfare protocol. Rumen fluid was collected from the upper opening of the rumen and stored at –80°C.



2.4 Indicator measurements


2.4.1 Growth performance

The feed amount and feed residue were weighed and recorded daily, DM intake (DMI) was calculated, and the sheep were weighed on an empty stomach before morning feeding on the first and 57th day of the official period, and the average daily gain (ADG) and ratio of food consumed to weight gained (F/G) were calculated (Zhang et al., 2024).

DMI (kg/d) = (amount of DM in feed per group per day - amount of DM in residual feed per group per day)/number of experimental sheep per group

ADG (g/d) = (final weight of each sheep - initial weight of each sheep)/experimental days

F/G = DMI/ADG



2.4.2 DNA extraction, PCR, rumen fungi sequencing

DNA was extracted from rumen fluid using the TGuide S96 DNA kit (Tiangen Biotech Co., Ltd., Beijing, China). PCR was performed with the universal primer set, ITS1F: 5′-CTTGGTCATTTAGAGGAAGTAA-3′ and ITS2R: 5′-GCTGCGTTCTTCATCGATGC-3′. The PCR reaction mix was prepared according to the method of Niu et al. (2023). The PCR reactions contained KOD FX Neo 0.2 μL and ddH2O to 10 μL and VnF and Vn R were selected according to the amplification region. The PCR reactions were conducted using the following program: 3 min of denaturation at 95°C; 27 cycles of 30 s at 95°C; 30 s for annealing at 55°C; 45 s for elongation at 72°C; and a final extension at 72°C for 10 min. The ITS gene was detected and analyzed using the approach established by Tong et al. (2023). PCR amplicons were purified with Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, IN) and quantified with the Qubit dsDNA HS assay kit and Qubit 4.0 fluorometer (Invitrogen, Thermo Fisher Scientific, Oregon, United States). Libraries were constructed from equal amounts of pooled amplicons and sequencing was performed on an Illumina Novaseq 6000 platform (Illumina, San Diego, CA, United States).




2.5 Statistical analysis

This study organized the collected experimental data in Microsoft Excel 2021, and used SPSS26.0 statistical software (version 26.0; IBM, Armonk, NY, United States) to perform one-way analysis of variance (ANOVA) on the collated data, followed by multiple comparisons using the Duncan post-hoc method. The results of the analyzed data were presented as the mean, and the standard error (SEM) was used to represent the degree of variation in each group, with P < 0.05 considered significant. This study used UNITE as the fungal reference database and a naive Bayesian classifier to annotate sequences to obtain corresponding species classification information. QIIME software was used to analyze beta diversity of rumen fungi, and the Bray-Curtis algorithm was selected to calculate separation distances. QIIME software was also used to analyze the relative abundance of different species at various taxonomic levels. Alpha index plots, species composition plots, and correlation heat maps were generated using Origin (version 2024, OriginLab, Hampton, United States) software, and correlation analyses were performed using Pearson’s algorithm.




3 Results


3.1 Growth performance

Compared with the CON group and the CS20% group, the DMI of the CS10% group was significantly increased by 9.71 and 17.79%, respectively. Compared with the CON group, the DMI of the CS20% group was significantly reduced by 6.81% (Table 2). The final body weight (FBW) of the CS20% group was significantly lower than that of the CON group and the CS10% group by 8.81% (P < 0.05) and 12.18% (P < 0.01), respectively. The ADG of the CS10 % group was significantly increased by 47.80% compared with the CS20 % group (P < 0.01). In addition, with the increase of the addition level of chili straw in the diet, the DMI and FBW of sheep showed linear and quadratic changes (P < 0.05 or P < 0.01), and the ADG showed quadratic changes (P < 0.05). There was no significant difference in other indicators among the groups (P > 0.05).


TABLE 2 Effects of different levels of chili straw on the growth performance of sheep.
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3.2 Effects of CS on abundance, diversity, and composition of rumen fungi


3.2.1 Venn diagram of overlapping rumen fungi

The coverage rates for the sample sequences exceeded 99% for all groups, indicating that the samples correctly reflected the profiles in the rumen fungal population. The sequence data from the 12 samples yielded a total of 920,010 paired reads. After QC and assembly, 825,931 high-quality clean reads were generated. Each sample produced ≥ 46,957 clean reads, with an average of 68,827. The sequence clusters had 97% similarity, resulting in 1,711 OTUs (operational taxonomic units) in 12 samples (Figure 1). A total of 179 OTUs were shared between samples from different groups, of which, the CON, CS10%, and CS20% had 337, 482, and 416 unique OTUs, respectively.


[image: image]

FIGURE 1
Venn diagram of ruminal fungi.




3.2.2 Alpha diversity analyses of rumen fungi

The alpha diversity determination of the rumen fungi (Figures 2A, B) shows that the ACE index and Chao1 index in the CS20% group were significantly higher than those in the CON group (P < 0.05), but comparison with the other groups revealed no significant differences (P > 0.05). From Figures 2C, D, there was no significant difference in Shannon index and Simpson index between CS group and CON group (P > 0.05).
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FIGURE 2
Alpha diversity indices of rumen fungi from the three groups. (A) ACE index of species richness; (B) chao1 index of species richness; (C) shannon index of species diversity; (D) simpson index of species diversity.




3.2.3 Beta diversity analyses of rumen fungi

The PCoA and NMDS calculations utilizing the Bray-Curtis distance matrix (Figures 3A, B) show that with increasing percentage of CS, the points representing the additive groups were closely clustered, and more separated from the CON group than from each other. The representative points of the CS20% group and the CON group could be effectively distinguished (PCoA, P = 0.006; NMDS, P = 0.019).
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FIGURE 3
Beta diversity analysis of rumen fungi. (A) PCoA principal axis analysis; (B) NMDS non-metric multidimensional scaling analysis.




3.2.4 Determination of the composition and abundance of ruminal fungi

The structure of the rumen fungal community is depicted in Figures 4A, B. Taxonomic annotation of representative sequences was achieved with a simple Bayesian classifier, identifying 12 fungal phyla and 24 genera with a relative abundance exceeding 1% from 12 samples of gastrointestinal contents from sheep. The dominant phyla included Ascomycota (63.00%), Basidiomycota (15.00%), Chytridiomycota (4.67%), and Neocallimastigomycota (4.00%), which together accounted for ∼95% of the total sequences. Compared with CON, CS20% had a higher relative abundance of Ascomycota, though this difference wasn’t significant (P > 0.05).
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FIGURE 4
Percent distribution of fungal phyla (A) and genera (B) in different groups.


At the genus level, Kazachstania, Cladosporium, and Neocallimastix were dominant, with relative abundances of 4.33, 4.33, and 3.00%, respectively. Compared with CON, the CS group showed a lower relative abundance of Kazachstania and higher relative abundances of Cladosporium and Fusarium, though none of these differences reached statistical significance (P > 0.05).



3.2.5 Prediction of function in the rumen fungal community

This study predicted the functional profiles of rumen fungi in each experimental group using the FUNGuild database. The results revealed that rumen fungi could be classified into three trophic modes based on nutritional strategies: pathotrophic, symbiotrophic, and saprotrophic, with saprotrophic fungi dominating at 56.67%. Compared to CON, the CS group exhibited a higher relative abundance of pathotrophic fungi and a lower relative abundance of symbiotrophic fungi, but these differences were non-significant (P > 0.05) (Figure 5A).
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FIGURE 5
Predicted abundance plots of rumen fungi from different treatment groups with specific FUNGuild functions. (A) Trophic classification; (B) FUNGuild classification.


The symbiotic community encompassed 20 ecological functional groups. The pathotrophic-symbiotrophic-saprotrophic fungi primarily included animal pathogens, animal endosymbionts, and dung saprotrophs. Notably, the relative abundance of these functional groups in the CS20% group (30.00%) was lower than that in the CON group (43.00%) (Figure 5B).



3.2.6 Relationship between growth performance, ruminal fermentation, and rumen fungi

This study used Pearson’s algorithm to calculate correlation coefficients and constructed a correlation heatmap to illustrate the relationships among growth performance, ruminal fermentation, and rumen fungi. ADG showed a significantly positive correlation with the abundance of Neocallimastigomycota and Neocallimastix in the rumen (P < 0.05), and a significantly negative correlation with Rozellomycota (P < 0.05). The feed-to-gain ratio (F/G) exhibited a significantly negative correlation with Neocallimastigomycota and Neocallimastix (P < 0.05), but a significantly positive correlation with Rozellomycota (P < 0.05). Acetate concentration in the rumen was negatively correlated with Feramyces (P < 0.05), while propionate showed a negative correlation with Mortierellomycota and Mortierella (P < 0.05). Butyrate was negatively correlated with Rozellomycota (P < 0.05), and total volatile FAs demonstrated negative correlations with both Rozellomycota and Feramyces (P < 0.05) (Figure 6).
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FIGURE 6
Heatmap depicting the relationships among relative fungal abundance, rumen fermentation parameters, and growth performance. *P < 0.05, **P < 0.01. ADG, avg daily gain; F/G, feed to gain ratio; A/P, acetate/propionate.





3.3 Effect of percent content of chili straw on sheep economic benefits

This study observed that the cost per kg of feed for each group was 2.07-2.24 yuan, and the unit price decreased with increasing CS percentage. The gross profit of the CS10% group increased by 15.16% compared with the CON group (P < 0.05), and the net profit increased by 24.44% (P > 0.05). In addition, with the increase of chili straw addition level, gross profit and net profit showed a quadratic change (P < 0.05) (Table 3).


TABLE 3 Results of feeding different CS percentages on sheep economic benefits.

[image: Table 3]




4 Discussion

Chili straw (CS) contains a certain amount of capsaicin, which stimulates feed intake in ruminants. Increased feed intake enhances energy and protein uptake, thereby promoting animal growth and development. Su et al. (2023) reported that supplementing diets with 0.15 or 0.30 mL/d of capsaicin improved dry matter intake (DMI) in calves but had no significant effect on ADG. Cheng Z. Z. et al. (2023) found that feeding Suffolk sheep a total mixed ration containing 15% CS fermented with Lactobacillus plantarum did not negatively affect final body weight or ADG. Fu et al. (2024) reported that adding 11.25-45.00% CS to beef cattle diets increased final weight, ADG, and DMI at inclusion levels of 11.25-33.75%, but ADG and DMI declined when the inclusion level reached 45%. In this study, the CS10% group exhibited significant increases in DMI and ADG, while the CS20% group showed reductions in both metrics. The improvements in the CS10% group may be attributed to capsaicin-stimulated feed intake and enhanced nutrient uptake. Additionally, bioactive compounds in CS likely modulated rumen microbiota structure and improved fermentation efficiency, thereby facilitating nutrient digestion and absorption. However, the decline in DMI and ADG observed in the CS20% group may result from excessive capsaicin content impairing feed palatability (Ricci et al., 2021), aligning with findings by Su et al. (2023), Cheng J. F. et al. (2023), and Fu et al. (2024). The discrepancy between our results and those of Cheng Z. Z. et al. (2023) in Suffolk sheep could stem from two factors. Fermentation may reduce capsaicin levels in CS, diminishing its stimulatory effect on intake; and the use of uniformly pelleted feed in this study ensured better feed homogeneity and intake consistency compared to a total mixed ration. These findings suggest that chili pepper straw, as an unconventional feed resource, can enhance growth performance in sheep when incorporated into diets. However, to optimize outcomes, CS inclusion levels should be carefully controlled, with 10% identified as the optimal threshold.

The diverse microbial community in the rumen plays a pivotal role in ruminant growth. Studies indicated that the composition of rumen microbiota significantly influences ruminant growth and health (Li et al., 2019; Loh et al., 2020). Further research has demonstrated that fibrous feeds from different sources markedly affect rumen microbial diversity in ruminants (Wang et al., 2023). Fiber intake enhances dietary microbial diversity (Fernandes et al., 2014). In this study, CS was added to the diet of sheep, and the rumen fluid was collected for fungal ITS sequencing. The results revealed elevated ACE and Chao1 indices in CS-supplemented groups, with the CS20% group showing significant increases. PCoA and NMDS analyses based on the Bray-Curtis distance matrix demonstrated distinct separation between the CS and CON groups, with tighter clustering of CS group samples. These findings collectively indicate that CS supplementation modulates fungal richness in the rumen.

The fungal diversity at the phylum level in rumen samples of all sheep groups was consistent. Regardless of the CON or CS groups, Ascomycota and Basidiomycota dominated, collectively accounting for over 75% of rumen fungi, aligning with findings in other ruminants (Liggenstoffer et al., 2010; Wu et al., 2023). Ascomycota primarily degrade organic substrates such as lignin, keratin, and plant cellulose, while Basidiomycota specialize in lignocellulose breakdown (Xing et al., 2020). In this study, the higher relative abundances of Ascomycota and Basidiomycota in CS groups may stem from two factors: the elevated neutral detergent fiber (NDF) content in CS diets stimulating their growth, and the inherently higher abundance of these phyla in the fungi carried by the ingested CS (Chen et al., 2024; Jose et al., 2024). Neocallimastigomycota emerged as a subdominant phylum in the rumen of sheep. This anaerobic fungal group specializes in cellulose degradation (Cheng et al., 2018) and provides nutrients to ruminants by metabolizing rumen-degradable proteins (Belanche et al., 2012). Neocallimastigomycota exhibited a significant positive correlation with ADG. Its relative abundance was significantly higher in the CS10% group compared to CON, being consistent with the increased apparent digestibility of crude protein observed in prior studies (Li J. L. et al., 2024). Conversely, the CS20% group showed reduced Neocallimastigomycota abundance, likely due to substrate limitations—moderate cellulose levels stimulate growth, while excessive cellulose may overwhelm enzymatic capacity, hindering proliferation. These findings suggest that care must be taken to be sure the appropriate percentage of CS is added to the feed to enhance Neocallimastigomycota proliferation, thereby promoting ruminal fiber and protein degradation, boosting volatile fatty acid (VFA) production, and ultimately improving energy supply and growth performance in ruminants.

The dominant fungal genera identified in this study included Kazachstania, Cladosporium, and Neocallimastix. Kazachstania, a member of the Basidiomycota, is primarily involved in carbohydrate metabolism in feed (Jood et al., 2017). Zhang et al. (2019) demonstrated that elevated fiber levels reduce the abundance of Kazachstania in the rumen of Tan sheep under grazing and confined feeding being consistent, consistent with our findings. The declining trend of Kazachstania with increasing CS inclusion may stem from the higher lignification and fiber content of CS, which suppresses its proliferation. Cladosporium, a member of the Ascomycota, participates in cellulose degradation by secreting cellulases to break down structural carbohydrates in feed (Andlar et al., 2018). The increasing abundance of Cladosporium with higher CS inclusion may be attributed to the elevated neutral detergent fiber (NDF) content in CS, which stimulates its enzymatic activity. Neocallimastix, classified under Neocallimastigomycota, shares functional similarities with its parent phylum, producing cellulolytic enzymes that digest cellulose and lignin in roughage (Dollhofer et al., 2018). It also contributes to protein and amino acid metabolism in the rumen (Belanche et al., 2012). Neocallimastix exhibited a significant positive correlation with ADG. The higher relative abundance of Neocallimastix in the CS10% group compared to CON aligns with previous findings on improved crude protein digestibility (Li J. L. et al., 2024). However, a substantial proportion of fungal genes remained unannotated due to limited fungal genomic data in public databases such as NCBI, KEGG, and Swiss-Prot (Solomon et al., 2016), highlighting the need for expanded fungal genome resources to advance functional analyses.

The metabolic function and wellbeing of ruminants are linked to the composition of rumen microbiota. Using FUNGuild software, this study predicted the ecological functions of rumen fungi. During feed intake and digestion in ruminants, lignin content in feed not only affects palatability but also restricts bacterial degradation of cellulose (Cao et al., 2016), but fungal lignin- and cellulose-degrading capabilities are resistant to this inhibition (Sigoillot et al., 2012). Rumen fungi are categorized into three ecological functional groups (pathotrophic, symbiotrophic, and saprotrophic) which decompose organic matter through parasitism, symbiosis, and saprotrophy, respectively. The ecological functions of rumen fungi are tightly coupled with their community structure (Moraïs and Mizrahi, 2019). In this study, symbiotrophic fungi dominated the rumen fungal community of sheep. Ascomycota, the predominant phylum in the sheep rumen, is primarily comprised of symbiotrophic fungi that degrade organic substrates (Xing et al., 2020). The CS group exhibited a decreasing trend in the relative abundance of saprotrophic fungi, likely due to the higher lignocellulose content in CS diets, which limited substrate availability for enzyme secretion and thus suppressed saprotroph proliferation. Additionally, the CS group showed a reduced trend in animal endosymbionts, being consistent with the decline in Kazachstania abundance. A potential limitation of this study is that only rumen liquid-associated fungi were analyzed, whereas solid-adherent fungi were not assessed, which may explain the lack of pronounced effects of CS inclusion on fungal community composition.

Economic benefits are closely related to sheep growth performance and the price of feed raw materials (Tekletsadik et al., 2013). In this study, adding 10% CS to the feed reduced the unit price of the feed. This indicates that the application of CS in ruminant diets is a potential means to reduce costs and improve growth performance. However, as the percentage of CS in the diet increased, the total weight gain of sheep in the CS group first increased and then decreased. The optimal CS level was 10%, resulting in an increase in total weight gain of 15.15% relative to CON, and an increase of 24.44% in the net profit. Mohammed et al. (2021) and Hou et al. (2025) added tomato pomace and black wolfberry leaves to broiler and sheep diets, respectively, increased daily weight gain and gross profit. In this study, the use of CS to feed sheep also improved economic benefits, which indicated that feed rich in functional substances could improve the efficiency of animal husbandry production.



5 Conclusion

The present findings indicated that the addition of 10% CS to the diet can enhance growth performance and the profitability of meat sheep farming, but 20% CS was inhibitory. Under the experimental conditions of this study, dietary supplementation with 10% CS improved the structural composition of rumen fungi and significantly increased the DMI and ADG of sheep, thereby improving production performance and economic benefits. These findings provide practical guidance for the utilization of CS in sheep production and offer theoretical insights into its role in improving rumen health. In the future, it is necessary to analyze the dynamic balance mechanism of CS active substances in ‘Rumen microbial-host metabolic axis’ through multi-omics joint analysis, so as to provide a theoretical tool for precision animal husbandry.
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