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Editorial on the Research Topic
 Recent advances and perspectives on the gastrointestinal microbiota of small ruminants




Recent research on the gastrointestinal (GI) microbiota of small ruminants such as goats and sheep have provided fascinating insights into their microbial ecology and its impact on health and productivity. Some key advances and perspectives in this field relate to microbial diversity and composition, revealing a diverse array of microbial species inhabiting the GI tract of small ruminants. Members of these microbiomes include bacteria, fungi, protozoa, and archaea, each playing unique roles in the nutrient digestion, immune modulation, and overall gut health. It has been demonstrated that the functional capabilities of GI microbiota, include the fermentation of dietary substrates, synthesis of vitamins, and metabolite production (e.g., short-chain fatty acids). These metabolites influence host physiology, including energy metabolism and immune function.

Recent research highlights that the GI microbiota is a key factor in improving small ruminant productivity and wellbeing. An aspect which significantly influences a small ruminant's gut microbiota composition and, hence, its functionality is the diet. For instance, the transition from forage-based to concentrate-based diets alter microbial diversity and metabolic activities, affecting animal performance and health (Xue et al.).

In contrast, understanding the microbiota-host interaction has shed light on how microbial dysbiosis contributes to diseases like gastrointestinal disorders and metabolic syndromes in small ruminants. Conversely, beneficial microbes can enhance resilience against pathogens and improve overall animal wellbeing. Improvements in high-throughput sequencing technologies (metabolomics, 16S rRNA gene sequencing, and metagenomics) have changed the way microbiota research is done in small ruminants by making it possible to comprehensively understand microbial communities and how these change with change in physiological and environmental conditions. Currently, there has been a growing interest in using probiotics and prebiotics to manipulate the gut microbiota composition in small ruminants (Mao et al.). This approach aims to enhance nutrient utilization, improve immune responses, mitigate enteric methane emissions, and reduce gastrointestinal disorders. Finally, research has also addressed the environmental impact of small ruminant farming practices on GI microbiota composition and diversity. Understanding these dynamics can lead to sustainable farming practices that optimize animal health while minimizing the environmental footprint.

Ongoing research continues to explore novel interventions and management strategies aimed at harnessing the potential of changes in diet to affect the gastrointestinal bacterial community in small ruminants. This Research Topic accepted 30 research articles covering the aforementioned aspects. In this Research Topic, studies focusing on goats (10 articles) were related to dietary fiber (Xue et al.; Zhou et al.), supplementation of sulfur amino acids (Teklebrhan and Tan), supplementation of selenium-methionine (Li L.-P. et al.), supplementation of beta-hydroxybutyrate (Chai et al.), use of dietary Astragalus gallinaceus (Luo et al.), the role of Clostridium butyricum on the intestinal microbial community (Zhang C. et al.), gastrointestinal lactic acid bacteria and their aerobic stability (Yang T. et al.), diversity of aerobic microorganisms in the rumen (Wang R. et al.), and the use of Flammulina velutipes mushroom residue (Long et al.).

Studies on sheep (13 articles) were focused on characterizing bacterial microbiota from different intestinal segments (Ma, Deng et al.), gut microbiome-metabolome (Ma, Yang et al.), supplementation of Pennisetum giganteum (Qiu et al.), immune response to Salmonella (Xu et al.), use of probiotics (Mao et al.), effect of pasture vs. pen-feed lambs on rumen bacteria (Zhang L. et al.), supplementation of grape pomace on rumen microbiome and methane production (Cheng et al.), gut microbiota of suckling lambs (Xiao et al.), effect of yeast cultures in rumen epithelium reparation (Wang H. et al.), relation between gut microbiota and growth performance (Peng et al.), supplementation of prickly ash seeds (Li D. et al.), effect of dietary alfalfa on rumen archaeal and fungal communities (Li K. et al.), and effect of Salicornia europaea L. on gut bacterial communities (Kamal et al.).

This Research Topic also received articles from large ruminants, such as the study of the rumen microbiome and metabolome in dairy buffaloes (Jiang et al.) and the characterization of the rumen cecum microbiome in finishing cattle (Yang Z. et al.). Also presented are in vitro studies, such as a comparison of the effects of rumen-protected and unprotected L-leucine on fermentation parameters, bacterial composition, and amino acid metabolism (An et al.), role of silibinin on rumen methanogenesis (Liu R. et al.), and digestive function and urea utilization ability, and bacterial compositional changes in rumen microbiota under high urea (Liu M. et al.). Another article characterized the fecal microbiota in two goat and one sheep breed distributed across sex groups (Guo et al.).

Taken together, the results from the above-mentioned studies have improved our understanding of the gastrointestinal microbiota of small ruminants. In this Research Topic, it was demonstrated that the animal's diet is one of the most practical ways to modulate the gut microbiome with concomitant changes that can improve rumen environment, immune response, growth rates, production performance, and animal health.

In this Research Topic some of the studies have demonstrated that the GI microbiome of small ruminants is involved in the breakdown of complex plant materials (Xue et al.; Zhou et al.) otherwise undigestible by the host. Microbes facilitate the plant fiber breakdown by producing enzymes like cellulases and hemicellulases, facilitating the subsequent fermentation of breakdown products into digestible compounds such as volatile fatty acids. This is important, as volatile fatty acids serve as an important energy source for the host animal and are absorbed through the gut lining into the bloodstream. Microbes in the rumen and other parts of the GI tract further contribute significantly to other metabolic processes. They synthesize essential nutrients such as vitamins (e.g., B-vitamins) and amino acids, which are critical for the host's metabolic functions. The microbiome also influences the efficiency of energy utilization from feed (Chai et al.), impacting overall growth performance (Peng et al.), reproduction, and milk production in small ruminants.

The GI microbiome interacts closely with the immune system of small ruminants (Xu et al.). Beneficial gut microbes help to maintain gut barrier integrity and promote immune tolerance, thereby reducing susceptibility to infections and inflammatory conditions. They also stimulate immune responses in the presence of pathogens, contributing to the overall resilience of the animal.

A balanced GI microbiome is crucial for preventing the disorders such as bloat, acidosis, and enteritis in small ruminants. The GI microbiome is also related to the rumen epithelium integrity (Wang H. et al.) and in this regard, the probiotics and prebiotics are increasingly used to maintain or restore a healthy microbiome balance, thereby promoting improved productive performance (Mao et al.), health outcomes, and disease resistance.

The GI microbiome of small ruminants plays a role in adapting to different environmental and dietary changes. This adaptability is important in extensive grazing systems where animals are exposed to varied vegetation and climatic conditions (Zhang L. et al.). Moreover, the composition and activity of the GI microbiome can influence the quality of products derived from small ruminants, such as meat and milk. For example, microbial metabolites (Jiang et al.) may affect composition and flavor profiles of milk.

This Research Topic clearly demonstrated that -omics and microbiome studies in small ruminants play an important role in understanding their health, productivity, and interactions with their environments. These studies have been carried out in the context of genomics to understand genetic diversity, identifying genes associated with desirable traits (e.g., disease resistance, milk production), and tracing the evolutionary history of these animals, genome-wide association studies (crucial for breeding programs aimed at improving productivity and disease resistance).

Also, transcriptomics (provides provide insights into molecular pathways and regulatory networks involved in various physiological processes), metabolomics (helps in understanding metabolic pathways, nutritional status, and metabolic responses to environmental changes or diseases (Ma et al.), and proteomics (provides insights into protein functions, interactions, and post-translational modifications, which are critical for understanding biological processes and responses) are important tools that yield specific information from GI function.

Lastly, microbiome studies can be focused on microbial community analysis or metagenomics {involves studying genetic material directly from environmental samples [e.g., feces (Guo et al.), rumen contents] to analyze microbial diversity, function, and interactions within the microbiome}.

Overall, the GI microbiome of small ruminants is integral to their digestive physiology, metabolic processes, immune function, and overall health when changes in diets occur. Research continues to uncover the complexities of microbial interactions within the gut and their implications for optimizing small ruminant production and welfare. Further research should focus on understanding the specific mechanisms through which different dietary interventions influence the gastrointestinal microbiota and associated metabolic pathways in small ruminants, to optimize health, productivity, and environmental sustainability.
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Physically effective neutral detergent fiber (peNDF) is a concept that accounts for the particle length of NDF in a feed, sustaining the normal chewing behavior and rumen fermentation of ruminants. This study aimed to elucidate the effects of dietary peNDF on growth performance and bacterial communities in the rumen of goats through a high-throughput sequencing technique. A total of 30 male Lezhi black goats were randomly assigned to five groups, corresponding to five diets with identical compositions and nutrient levels but with varying forage lengths (the peNDF1.18 contents of the diets were 33.0, 29.9, 28.1, 26.5, and 24.8%, respectively). The whole trial lasted for 44 days. As results show, feed intake and average daily gain were highest when peNDF1.18 content was 26.5%, in which the papilla length of the dorsal sac in rumen was the highest. Chao1 and ACE indexes were similar among the treatments, while Shannon and Simpson indexes of the peNDF1.18 = 28.1% group were the highest (p < 0.05). As the level of dietary peNDF1.18 decreased, the dominant phylum transitioned from Bacteroidetes to Firmicutes. The top three dominant genera of rumen bacteria were Prevotella 1, Ruminococcaceae NK4A214 group, and Christensenellaceae R-7 group. They all showed a quadratic correlation with dietary peNDF1.18 level (p < 0.05). The relative abundance of Ruminococcaceae UCG-011 was positively correlated, while that of Prevotella 1 was negatively correlated, with amino acid metabolism and energy metabolism (p < 0.01). In conclusion, dietary peNDF level influenced goat growth performance, rumen development, and rumen bacterial community structures, and a peNDF1.18 level between 26.5 and 28.1% was considered optimal for goat diet.

Keywords: goat, particle size, peNDF, rumen bacteria, growth performance


INTRODUCTION

Physically effective neutral detergent fiber (peNDF) is a concept proposed by Mertens (1997), which reflects the particle size (PS) of feed and the impact of feed on chewing activities and the ability to stimulate rumen stratification (Zhao et al., 2010). Ruminants need a suitable level and length of fiber to maintain the normal rumen pH. Effects of peNDF on the growth performance and nutrient digestibility of goats have been assessed in a previous study (Jang et al., 2017). Park et al. (2014) found that feeding growing steers with a low-peNDF diet could increase feed intake, thereby increasing daily gain. Likewise, Cao et al. (2021) found that nutrient digestibility and milk production dramatically improved with increased peNDF content. Through in situ assessment, Yang and Beauchemin (2007) found that the ruminal degradation rates of dry matter (DM), organic matter (OM), NDF, acid detergent fiber (ADF), starch, and nitrogen in the high-peNDF group were higher than those in the low-peNDF group. It was documented that reducing the PS of diet expanded the contact area between microorganisms and feed (Zhao et al., 2010) and therefore increased nutrient digestibility and reduced chewing time in dairy goats (Li et al., 2014). Beauchemin and Yang (2005) found that the long fiber particles (> 1 cm) promoted chewing and saliva secretion of dairy cows, which were essential for maintaining the stability of the rumen environment. Zebeli et al. (2012) proposed that the suitable level of peNDF1.18 in the diet of dairy cattle should be around 31.2%. However, Zhao et al. (2010) found that 22.4% peNDF1.18 was more conducive to the nutrient digestion of goats than was 43.1%. The difference in the optimal dietary peNDF level between cattle and goats suggested the inconsistent requirements for dietary peNDF level.

Ruminal microorganisms help their host in degrading fiber more successfully than do monogastric animals, which is of great value (Li et al., 2018b). Gastrointestinal microbes are affected by many factors, including diet, host genetics, living environments, and age (Jin et al., 2016). Studies have proved that changes in diet affect the gastrointestinal microbes in cattle (Klieve et al., 2007) and dairy cows (Valizadeh et al., 2010). However, few reports concerning the impact of peNDF on the rumen bacterial community in goats have ever been reported. Previous studies revealed that the counts of total bacteria (Valizadeh et al., 2010) and Ruminococcus albus (Zebeli et al., 2008) were not affected by dietary PS. Huo et al. (2014) discovered that a high-grain diet influenced the liquid- and solid-associated rumen bacteria of goats, but a high-forage diet increased the relative abundance of Prevotella.

Until now, there has been no research concerning the effects of the PS of fiber in diets on solid-associated bacteria in the rumen of goats. We assumed that changes in dietary peNDF levels could affect growth performance, rumen development, and rumen microbial structure in goats with the same dietary compositions and nutrient contents. The main objective of this study was to evaluate the effects of dietary peNDF level on the diversity and composition of rumen bacteria, which could explain the differences in growth performance in goats, based on which a reasonable range of dietary peNDF was proposed.



MATERIALS AND METHODS


Ethics Statement

The experiment was approved by the Animal Policy and Welfare Committee of Animal Nutrition Institute, Sichuan Agriculture University, and followed the current laws of animal protection (Ethics Approval Code SCAUAC201408-3).



Animals and Diets

The study was carried out at the Experimental Base of Animal Nutrition Institute (30.3°N, 103.0°E), Sichuan Agricultural University. Thirty male 4-month-old Lezhi black goats (purchased from the farm of Tianlong Agriculture and Animal Husbandry Technology Co. Ltd.) with similar body weights (BWs; 21.4 ± 0.24 kg) were randomly divided into five groups corresponding to five dietary treatments. The diets (Supplementary Table 1) were formulated according to the nutrient requirements of a 20-kg goat with a 150-g daily gain based on National Research Council (NRC) (2007) and were identical in composition and nutrient content but varied in length of roughage. The forages (alfalfa hay, peanut vine, and Leymus chinensis) were cut into 1, 5, 1, 4, and 7 cm, respectively, by a forage cutter-FS60, purchased from Nongfengli Machinery Equipment Co., Ltd (Jining, China). Forage PS distribution was determined using the Penn State Particle Separator, as reported by Kononoff et al. (2003). Pef8.0 and pef1.18 were calculated as the proportions of the DM of forage particles retained on 19-mm and 8-mm sieves and those on 19-mm, 8-mm, and 1.18-mm sieves of total DM content, respectively. The measured peNDF1.18 contents of the diets were 24.8% (1 mm, L), 26.5% (5 mm, ML), 28.1% (1 cm, M), 29.9% (4 cm, MH), and 33.0% (7 cm, H), respectively (Table 1).


TABLE 1. PS distribution and peNDF content of five groups.
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During the whole period, each goat was reared in a single metabolic cage in the same barn. The concentrate and the forage were evenly mixed and then fed to goats at 08:00 and 20:00 at equal amounts, allowing about 10% orts. Goats were free to access fodder and water. The leftovers were weighed at 8:00 every morning to calculate dry matter intake (DMI). The experiment lasted for 44 days, including a 14-day adaptation period and a 30-day experimental period. The BW of each goat was recorded on the 1st and 30th days of the formal trial using an electronic scale. Average daily gain (ADG) was calculated as ADG = (Final BW – Initial BW)/30 (kg/day).



Sample Collection

At the end of the formal trial and before morning feeding, 15 goats were selected for slaughter after electric shocks. For each sampling, 300 g of whole rumen contents was obtained. A portion (∼50 g) of the whole rumen sample was homogenized on ice for three 1-min cycles at 1-min intervals using a Polytron grinding mill (Thermo Fischer Scientific, France). Approximately 0.5 g was transferred into 2-ml Eppendorf tubes and stored at −80°C until molecular biology analyses (Silberberg et al., 2013). After the experiment, the rest of the goats continued to be cultivated normally. The dorsal sac and ventral sac of rumen were collected from the same site and fixed in 4% paraformaldehyde for determination of tissue morphology.



Body Weight and Average Daily Gain

The BW of each goat was recorded on the 1st and 30th days of the formal trial using an electronic scale. ADG was calculated as ADG = (Final BW - Initial BW)/30 (kg/day).



Determination of Morphology of Rumen Epithelium

The rumen epithelial tissue was sent to Wuhan Service Biotechnology Co., Ltd. (Wuhan, China) for H&E staining and sectioning. Image-Pro Plus 6.0 was used to verify the qualified sample, with millimeters as the standard unit. The thickness of the five muscle layers, the width of the nipple, and the height of the nipple in the rumen epithelial section were measured at a 20-fold scale. Photographs were recorded at the same time.



DNA Extraction and PCR Amplification and Sequencing

The DNA extraction kit (Tiangen Biochemical Technology, Peking, China) was used to extract the total DNA from the rumen chyme samples of goats, as described previously (Wang et al., 2019). The purity and concentration of the extracted DNA were detected by agarose gel electrophoresis. With the extracted DNA (1 ng/μl) as template, the V4–V5 region of the 16S rRNA gene was amplified by PCR with bacterial universal primers 515F (5′-GTGYCAGCMGCCGCGGTAA-3′) and 926R (5′-CCGYCAATTYMTTTRAGTTT-3′) (Parada et al., 2016). The PCR system (25 μl) consisted of 1 ng/μl DNA template (10 μl), 1 × PCR buffer (2.5 μl), 1.5 mM MgCl2 (1.5 μl), 0.4 μM dNTPs (2.5 μl), 1 μM upstream and downstream primers (1.5 μl each), 0.5 U of KOD-Plus-Neo enzyme (TOYOBO) (0.5 μl), and water (5 μl, added up to 25 μl). PCR procedure was as follows: predenaturation at 94°C for 1 min for 30 cycles (denaturation at 94°C for 20 s, annealing at 54°C for 30 s, and extension at 72°C for 30 s) and extension at 72°C for 5 min. PCR products were electrophoresed using a 2% agarose gel, recovered (using a gel recovery kit, Qiagen), and purified. 16S rRNA high-throughput sequencing (Rhonin Biotechnology Ltd., Chengdu, China) was performed after the tests were qualified by the Hiseq 2500 PE 250 sequencing platform.



Sequencing Data Analyses

The sample data were distinguished according to the Barcode sequence, and the chimera was filtered by the Uchime algorithm to obtain clean data (effective data) (Knight, 2011). Uparse (V7.0.1001)1 was used to cluster all samples with 97% identity for operational taxonomic units (OTUs) (Edgar, 2013). The sequence with the highest frequency in OTUs was selected as the representative sequence of OTUs. Using UCLUST (DiTullio et al., 2000) to process the representative sequences of OTUs and comparing them with the SILVA1322 database (Quast et al., 2012), the taxonomy annotation of microbial classification levels was carried out, and PyNAST was used to perform multiple alignments of representative sequences. Vegan and Picante packages in the R software (version 2.15.3) were used to calculate the values of observed species, as well as the Shannon, Simpson, Chao1, ACE, Goods coverage, and PD indexes, and to draw the rarefaction curve (Oksanen et al., 2010; Webb, 2010). Combining the count of the same OTUs and the relative abundance of OTUs, the Bray–Curtis distance was calculated by Vegan software. Principal coordinates analysis (PCoA) was drawn by ape software. Tax4Fun was used to predict functional features based on 16S rRNA gene sequencing data (Aßhauer et al., 2015), and secondary metabolic pathways were clustered.



Statistical Analyses

The data of this study were analyzed using one-way ANOVA of SPSS 25.0 (IBM, Armonk, NY, United States), in which the relative abundances of microbial phyla and genera were compared using Kruskal–Wallis test. The regression relationship between the relative abundance of bacteria and the level of dietary peNDF was analyzed, and Spearman correlation analysis between the relative abundance and the function of rumen bacteria was also executed. Tukey’s multiple test was used to compare differences among the treatment groups. Statistical significance was defined as p < 0.05, and trends were discussed at 0.05 < p < 0.10. Results are expressed as mean and standard error of the mean.




RESULTS


Effects of Dietary Physically Effective Neutral Detergent Fiber Level on Feed Intake and Growth Performance

The effects of differing peNDF1.18 contents in diets on the BW, DMI, and ADG of goats are presented in Table 2. DMI and ADG increased first and then decreased with decreasing peNDF1.18 content in the diets (p < 0.05), where the DMI of the 26.5% peNDF1.18 treatment was significantly more than those of the 33.0, 29.9, and 24.8% peNDF1.18 treatments (p < 0.05); the DMI of the 28.1% peNDF1.18 treatment was not significantly different from those of other treatments. The ADG of the 26.5% peNDF1.18 treatment was greater than that of 33.0%,and the ADG of the 24.8% treatment was significantly lower than those of other treatments.


TABLE 2. Effects of different contents of peNDF1.18 in diets on the BW, ADG, and DMI of goats.
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Effects of Dietary Physically Effective Neutral Detergent Fiber Level on the Morphology of Goat Rumen

As shown in the results in Table 3, the level of dietary peNDF has a significant quadratic effect on the length of the rumen dorsal papilla and the width of the abdominal papilla, in which the values of 26.5 and 28.1% peNDF1.18 treatments are the highest, respectively. The photographs of each are shown in Figure 1, where we choose five representative images of the dorsal sac of the rumen from each group.


TABLE 3. Effects of dietary peNDF level on the morphology of goat rumen.
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FIGURE 1. Representative image of the dorsal sac of rumen from five groups. (A) 33.0%, 7 cm, H group. (B) 29.9%, 4 cm, MH group. (C) 28.1%, 1 cm, M group. (D) 26.5%, 5 mm, ML group. (E) 24.8%, 1 mm, L group.




Data Acquired From Sequencing and Operational Taxonomic Unit Diversity

The number of raw sequences in the rumen was 535,650 and the effective sequences were 509,933 based on the high-throughput sequencing analysis of 16S rRNA genes. The average effective ratio reached 90.36%. Clustering was based on the 97% sequence similarity from the effective sequences, where a total of 9,659 OTUs were obtained. The average OTUs in the 33.0, 29.9, 28.1, 26.5, and 24.8% peNDF1.18 treatments were 1,491, 2,011, 2,134, 1,991, and 2,032, respectively. A total of 689 OTUs were shared across the five treatments, and the number of sequences in shared OTUs accounted for 88.19% of the total number of sequences (Figure 2).


[image: image]

FIGURE 2. Venn diagram at the 97% similarity level. H group: 33.0% peNDF1.18 treatment. MH group: 29.9% peNDF1.18 treatment. M group: 28.1% peNDF1.18 treatment. ML group: 26.5% peNDF1.18 treatment. L group: 24.8% peNDF1.18 treatment.


The rarefaction curve (Supplementary Figure 1) was inclined to reach a plateau, and the value of coverage (Table 4) reached 0.96, both of which indicated that the sampling had sufficient sequence coverage to detect the majority of rumen bacteria.


TABLE 4. Effects of dietary peNDF1.18 level on alpha diversity indexes of rumen bacteria in goats.
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Alpha Diversity Analysis of Rumen Bacteria

Alpha diversity indexes include Shannon, Simpson, Chao1, ACE, and PD indexes. Chao1 and ACE indexes were similar among the treatments (Table 4), which meant that the total number of rumen bacteria did not differ. Shannon and Simpson indexes of the 28.1% peNDF1.18 treatment were the highest (p < 0.05), indicating the highest richness and most even distribution of bacteria in the 28.1% peNDF1.18 treatment. Dietary peNDF1.18 levels had significant impacts on the diversity of goat rumen bacterial flora.



Beta Diversity Analysis of Rumen Bacteria

A PCoA plot with the Bray–Curtis distance matrix was drawn to visualize the differences among the five groups (Figure 3). The percentage of variation was represented by PCo1 (25.9%) and PCo2 (23.1%); the closer the distance in the figure, the more similar the bacterial community composition of the sample. There was separation among groups, with the different structures of rumen bacteria shown. Permutational multivariate analysis of variance (PerMANOVA) was used to test the significance of differences between peNDF levels (Table 5), with significant differences (p < 0.001) between the five groups.


[image: image]

FIGURE 3. Bray–Curtis distance matrix PCoA of rumen bacterial samples. H group: 33.0% peNDF1.18 treatment. MH group: 29.9% peNDF1.18 treatment. M group: 28.1% peNDF1.18 treatment. ML group: 26.5% peNDF1.18 treatment. L group: 24.8% peNDF1.18 treatment.



TABLE 5. PerMANOVA of rumen bacterial samples based on Bray–Curtis distances.
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Core Rumen Bacteria at Phylum and Genus Levels

In this experiment, 22 phyla and 242 genera were taxonomically classified. The dominant phyla of goat rumen bacteria were Bacteroidetes (42.07–57.01%) and Firmicutes (39.77–52.51%) (Figure 4). The dominant phylum transitioned from Bacteroidetes to Firmicutes with the decrease of dietary peNDF1.18 level. In other words, the relative abundance of Bacteroidetes decreased with the decrease of dietary peNDF1.18 level, while the trend of changes in Firmicutes was the opposite. The relative abundances of Tenericutes, Spirochetes, and Planctomycetes were the highest in the 24.8% peNDF1.18 treatment (p < 0.05).


[image: image]

FIGURE 4. Rumen bacterial compositions (A) at the phylum level (only the top 10 abundant phyla were presented) and (B) at the genus level (only the top 10 abundant genera were presented). H group: 33.0% peNDF1.18 treatment. MH group: 29.9% peNDF1.18 treatment. M group: 28.1% peNDF1.18 treatment. ML group: 26.5% peNDF1.18 treatment. L group: 24.8% peNDF1.18 treatment.


The top three dominant genera of goat rumen bacteria were Prevotella 1 (average, 23.00%), Ruminococcaceae NK4A214 group (average, 10.70%), and Christensenellaceae R-7 group (average, 10.61%). The relative abundance of Prevotella 1 was the highest in the 29.9% peNDF1.18 treatment and the lowest in the 24.8% peNDF1.18 treatment (p < 0.001). The relative abundances of Ruminococcaceae NK4A214 group and Christensenellaceae R-7 group decreased when peNDF level increased from 24.8 to 28.1%, and then increased with dietary peNDF level. An uncultured genus, f_F082| g_uncultured, subordinated to Bacteroidetes, was also one of the predominant genera.

According to the species annotation and relative abundance information of all samples at the genus level, the top 50 abundant genera were selected for clustering and plotted into a heat map (Figure 5). The 28.1 and 26.5 peNDF1.18 treatments were grouped into one cluster first and then grouped into one cluster with the 29.9% peNDF1.18 treatment, which meant that the composition of these three groups was different from the 24.8 to 33.0% peNDF1.18 treatments.
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FIGURE 5. Heat map of species abundance at the genus level (top 50 bacteria). H group: 33.0% peNDF1.18 treatment. MH group: 29.9% peNDF1.18 treatment. M group: 28.1% peNDF1.18 treatment. ML group: 26.5% peNDF1.18 treatment. L group: 24.8% peNDF1.18 treatment. The abscissa is sorted according to the order of the samples, and the ordinate is arranged according to the total average abundance from top to bottom. The relative abundance of the genus is not converted, and the legend shows the percentage. The redder color represents higher abundance, and the bluer color represents lower abundance.




Comparisons of Rumen Bacterial Composition Among the Five Groups

Bacteria with a phylum level greater than 1% and a genus level more than 0.1% were selected for differential analysis (Zened et al., 2013). We found that the bacterial flora of the rumen solid contents was significantly affected by dietary peNDF1.18 levels (Table 6). At the phylum level, the relative abundances of Bacteroidetes, Firmicutes, Tenericutes, Spirochetes, and Planctomycetes were affected by dietary peNDF1.18 levels; besides, the relative abundance of Proteobacteria (average, 0.654%) was also different (p = 0.04) and that in the 24.8% peNDF1.18 treatment was the highest. At the genus level, in addition to the three dominant genera, there were also another 20 genera that significantly differed among groups, and most of them belong to Firmicutes. The relative abundance of many uncultured bacteria genera (belonging to Bacteroidetes) also differed greatly among treatments.


TABLE 6. Effects of dietary peNDF1.18 level on the relative abundance of rumen bacteria in goats.
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Regression Analysis Between peNDF1.18 Level and Relative Abundance of Rumen Bacteria

The relationships between dietary peNDF1.18 levels (x) and the relative abundance (y) of rumen bacteria at the phylum or genus level are summarized in Table 7. We found that there was a significant quadratic correlation (p < 0.001) between most of the bacterial flora and dietary peNDF1.18 levels, and that the level of dietary peNDF1.18 had the greatest impact on the relative abundance of Tenericutes and Christensenellaceae R-7 group, with high fitness (R2 was 0.804 and 0.958, respectively).


TABLE 7. Regression relationship between dietary peNDF1.18 level (x) and relative abundance of rumen bacteria (y) (n = 15, R2 > 0.6).
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Prediction of Rumen Microbial Flora Function

According to the prediction of microbial function by the Tax4Fun program and the SILVA database, the gene functions of each group in annotation level 2 were selected to perform differential analysis. We found that dietary peNDF1.18 levels had significant effects on the prediction of rumen bacterial function (Table 8). Table 8 shows that the main gene functions of rumen bacteria are associated with carbohydrate metabolism, amino acid metabolism, and membrane transport.


TABLE 8. Effects of dietary peNDF1.18 level on the prediction of rumen bacterial function (%).
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DISCUSSION


Growth Performance and Rumen Development

Compared with pigs and poultry, goats, as ruminants, can better use fiber in feed as energy source for their growth and development. Therefore, evaluation of dietary fiber, especially NDF (peNDF), is crucial for the nutritional value of goats or other ruminants. In this study, hay was ground into different lengths to obtain five peNDF1.18 levels in diets, which have an impact on goat DMI. When peNDF1.18 > 26.5%, as peNDF declined, goat DMI increased, which is consistent with the research of Park et al. (2014). Wang et al. (2017) observed that body growth improved with increasing peNDF8.0. Although heifers’ DMI did not change significantly among different peNDF8.0 contents in the study of Wang et al. (2017) and in another study concluded by Beauchemin and Yang (2005), in the present work and in this study, the DMI and ADG of the 26.5% peNDF1.18 treatment were significantly greater than those of 33.0 and 24.8% peNDF1.18 treatments (Jang et al., 2017). The different results of the study may be attributed to the differences in the animals and in the diets: goats are smaller than cows, so their sensitivity to peNDF may be higher than that of cattle. In a research conducted by Yang et al. (2017), they found that the differences in the ADG of goats among the treatment groups are generally higher than those in this study, which is also due to the smaller body size of goats in the study of Jang et al. (2017). Particles with a length of 10 mm were retained in the reticulo-rumen 19–28 h longer than 1-mm-long particles of the same density. Multiple regression analysis indicated that particle density and PS accounted for 59 and 28% of the total variation of mean retention time in the reticulo-rumen, respectively (Ehle et al., 1984; Kaske and Engelhardt, 1990).

The level of dietary fiber is extremely important for the growth and development of the gastrointestinal tract of young ruminants, while the length and width of the rumen papilla are especially vital indicators of the degree of rumen development (Lesmeister et al., 2004). The experimental results of Beiranvand et al. (2014) showed that 2.6-mm alfalfa hay could increase the thickness of the rumen muscle of calves and reduce the width of the nipple. Xu et al. (2010) found that feeding whole corn reduced the height and width of the rumen papilla of goats compared to when feeding goat with fine, coarse, and whole corn. The results of this study show that the 28.1 and 26.5% peNDF1.18 treatments are more beneficial to the development of rumen papilla. In other words, moderate peNDF level is conducive to the development of the gastrointestinal tract of goats.



Rumen Bacterial Community

In this study, we attempted to study the impact of dietary peNDF1.18 level on the rumen bacterial flora of goat and discovered that rumen bacteria could be affected by just changing the PS of forage. Results in Shannon and Simpson indexes indicated that the level of dietary peNDF1.18 was a strong determinant of rumen microbial community composition in goats. Previous studies reported that the high diversity of microorganisms was beneficial for the production performance of animals (Arrazuria et al., 2016; Yuan et al., 2019). Similarly, high microbial diversity is linked to good meat and wool production in sheep (Zeng et al., 2017), which is the common ruminant. In this experiment, the microbial diversity indexes between peNDF1.18 treatments implied that the peNDF1.18 levels between 26.5 and 29.9% were perhaps more beneficial to goat health. Zebeli et al. (2008) and Valizadeh et al. (2010) also found that dietary peNDF level did not affect the number of rumen bacteria by absolute quantification of rumen bacteria. Moreover, the level of dietary peNDF1.18 was a strong determinant of rumen microbial community structure, according to the results of PCoA profiling and PerMANOVA. Previous studies on cow and dairy goat also showed that the PS of the feedstuff influenced the relative abundance of rumen (Tajima et al., 2001; Li et al., 2018a).

Previous studies reported that the dominant phyla in the rumen were usually Bacteroidetes, Firmicutes, and Proteobacteria (Shabat et al., 2016). The fiber in diets has recently been proved to be a factor affecting microbiota in the gastrointestinal tract. Liu et al. (2017) discovered that the relative abundance of Proteobacteria in goat rumen would increase with the decrease of feed fiber content. Sika deer fed oak-leave-based diets had a higher relative abundance of Bacteroidetes than deer fed corn-stalk-based diets (Li et al., 2018b). Crowley et al. (2017) found that the relative abundance of Bacteroidetes increased when rabbits were fed a diet with a higher fiber content. However, there were only limited studies on the effects of roughage length on rumen microbiota. One study conducted by Li et al. (2018a) found that both roughage and concentration length influence the rumen microbiota. Specifically, this study found that as the level of dietary peNDF1.18 decreased, the dominant phylum transitioned from Bacteroidetes to Firmicutes. The shorter the forage, the higher was the relative abundance of Proteobacteria, which was consistent with the results in rabbits (Yuan et al., 2019). Existing studies have shown that increased relative abundance of Proteobacteria is a common feature of health impairment (Perea et al., 2017), suggesting that the peNDF1.18 level of goat diet should not be less than 24.8%.

Shen et al. (2017) reported that the relative abundance of Tenericutes in goat rumen increased with the level of concentrate. Yuan et al. (2019) found that the relative abundance of Tenericutes in the caecum of rabbits was negatively correlated to the PS of alfalfa (Yuan et al., 2019), which was similar to our study. Spirochetes, a kind of fiber-degrading phylum, was negatively affected by the dietary addition of starch or oil (Zened et al., 2013). Our results proved that the relative abundance of Spirochetes was highest in the 24.8% peNDF1.18 treatments. More studies are needed to explore the reasons for the changes in the relative abundance of phyla with dietary peNDF and to explore the functions of these predominant phyla.

As for the dominant genera of rumen bacteria, a large number of reports point out that Prevotella is the dominant genus in the rumen (Ramírez-Restrepo et al., 2016) and that its main function is protein degradation (Myer et al., 2015). Moreover, Satoshi et al. (2010) found that Prevotella was also involved in fiber degradation. Bekele et al. (2010) found that Prevotella accounted for 56 or 60% of goat rumen bacteria and that its relative abundance was even higher when goats were fed hay diet than when fed concentrate diet. Huo et al. (2014) found that Prevotella accounted for less than 20% of goat rumen bacteria, which was close to our results. Huo et al. (2014) also discovered that a high-grain diet was not good for the growth of Prevotella. Our study, for the first time, disclosed that the growth of Prevotella was sensitively affected by forage length; fine-crushed forage (1 mm) was not conducive to the growth of Prevotella 1 and Prevotellaceae UCG-001; and the optimal level of peNDF1.18 for the growth of Prevotellaceae NK3B31 group and Prevotellaceae UCG-003 was 26.5% as judged by the relative abundance. Thus, we could conclude that dietary peNDF affects the growth of Prevotella at different patterns according to the different Prevotellaceae isolates. Spearman correlation analysis showed that the relative abundance of Prevotellaceae UCG-001 was negatively related, but that of Prevotellaceae NK3B31 group was positively related, to amino acid metabolism. This implied that rumen bacteria at the genus level may be too rough to study the function of the bacteria, and isolates under the genus would be accurate enough to investigate the functions. A previous study has shown that Prevotella is related to protein degradation (Myer et al., 2015); however, we found that the relative abundance of Prevotella 1 (the dominant Prevotella in goat rumen) was negatively related to amino acid metabolism, and that the apparent digestibility of crude protein and the relative abundance of Prevotella 1 were similarly the lowest in the 24.8% peNDF1.18 treatments. This result shows that the function of a single strain cannot represent the role of bacteria at the genus level. Moreover, there is still a gap between the predicted functions and the actual situation, and more technical methods are needed to study the specific functions of bacteria.

Ruminococcus is a major cellulolytic genus (Bryant, 1959). In our study, the relative abundance of Ruminococcaceae isolates did not change orderly with dietary peNDF1.18 levels, but the relative abundances of Ruminococcaceae NK4A214 group and Ruminococcus 2 were quadratically related to the level of dietary peNDF1.18 (Table 6). Pitta et al. (2014) found that increasing the proportion of fiber in buffalo diet could increase the relative abundance of Ruminococcus. Zebeli et al. (2008) found that the count of Ruminococcus was not affected by dietary PS via real-time quantitative PCR. However, our experiment showed that the count of Ruminococcus was affected by peNDF by high-throughput sequencing, and different Ruminococcus isolates (Ruminococcus 1 and 2) responded differently to peNDF levels (Table 5), reminding us to be species-specific when studying dietary effects on bacteria. Christensenella was also a kind of dominant genus in goat rumen, and its relative abundance varied with the different treatments, but Spearman correlation analysis showed that it was not significantly related to the top 10 functions of bacteria (p > 0.05). In other words, their functions might be minor for host metabolism. Zhang et al. (2017) also concluded that Christensenella possessed little function in the rumen of Holstein heifer, but they attributed this to the low relative abundances.

Butyrivibrio, Clostridium, and Fibrobacter are the main fiber-degrading bacteria in the rumen (Klieve et al., 2007; Zhang et al., 2017), and many members of Lachnospiraceae also have cellulolytic activities (Nyonyo et al., 2014). Zhang et al. (2017) found that the relative abundance of Fibrobacter (0.36–2.35%) in the rumen of Holstein heifer elevated with the increase in the concentrate level of their diet. Our result showed that the relative abundance of Fibrobacter in goat rumen was less than 0.1% and reached the peak when peNDF1.18 was 24.8% (24.8% peNDF1.18 treatment). This difference might be caused by the differences in animal species and diet (Metzler-Zebeli et al., 2013; Jin et al., 2016), but it could also be caused by differences in sequencing technology and primers. In this study, the relative abundance of Clostridium in the rumen of goat ranged from 1.27 to 1.97%, very similar to that in the rumen of sheep (Nyonyo et al., 2014), and was not affected by the level of peNDF1.18. We found that the function of Clostridium sensu stricto 12 was most likely in the metabolism of cofactors and vitamins instead of carbohydrates (Figure 5). Li et al. (2019) found that Clostridium could be involved in fiber fermentation. The different functions between the two reports were possibly due to the specific strain of Clostridium, but the deeper reason remains to be studied. The relative abundance of Butyrivibrio 2 reached the summit at 28.1% peNDF1.18 treatment (p = 0.049), which signified that dietary peNDF1.18 deviating from 28.1% might reduce fiber digestion. Previous studies have shown that Butyrivibrio 2 was negatively related to immune factors (IL-6 and IL-1β) (Li et al., 2019) and was also a considerable butyrate producer (Nyonyo et al., 2014) and a regulator of hemicellulose-degrading enzyme secretion (Dunne et al., 2012). Thus, it is necessary to study the relationship between relative abundance and host health, as well as production performance.

According to the correlation analysis between the relative abundance of bacteria, changing trends in Bacteroidetes and Firmicutes, and that of the genera under the two phyla, were inverse. In addition, the regression relationship between peNDF1.18 level and the relative abundance of Ruminococcaceae NK4A214 group and Prevotella 1 was inverse. Functional prediction explored that Prevotella 1 and Ruminococcaceae UCG-011 were in opposing camps, suggesting that the two bacteria may alter host nutrition in the opposite direction, but further studies are needed to explore the optimal relative abundance of the two genera and their functions in nutrient metabolism in goat rumen. Moreover, three uncultured bacteria were quadratically related to dietary peNDF1.18 level, especially f_Muribaculaceae| g_uncultured, but this genus showed no correlation with the predicted function, so the specific function remains confirmatory. Overall, although a quadratic correlation exists, follow-up research experiments should be carried out on the premise of animal health and welfare. One of the shortcomings of this study was the small number of repetitions, which is worth noting in future experiments.

Existing studies have shown that gastrointestinal microbes have a strong correlation with the metabolism of the host (Nieuwdorp et al., 2014; Shi et al., 2017). In this study, we detected the main functions of rumen bacteria, and most genes were closely related to carbohydrate metabolism. The lowest function percentage in the 24.8% peNDF1.18 treatment suggested that low dietary peNDF may not be beneficial to carbohydrate metabolism activities of rumen microorganisms. In terms of the metabolism of carbohydrates, amino acids, and energy, the range of dietary peNDF1.18 between 26.5 and 28.1% seemed more beneficial to the metabolic activity of the host. We also found that the relative abundances of Prevotella 1, Prevotellaceae UCG-001, and Ruminococcaceae UCG-011 were significantly related to the majority of the dominant functions, so it is important to study their functions in the future.




CONCLUSION

This study proved that the differences in growth performance and rumen development were associated with changes in the rumen bacterial community. Based on the results of growth performance, rumen development, and rumen bacterial community, a peNDF level of between 26.5 and 28.1% in the diet was optimal for goats.
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Characteristics of Bacterial Microbiota in Different Intestinal Segments of Aohan Fine-Wool Sheep
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The microbial community performs vital functions in the intestinal system of animals. Modulation of the gut microbiota structure can indirectly or directly affect gut health and host metabolism. Aohan fine-wool sheep grow in semi-desert grasslands in China and show excellent stress tolerance. In this study, we amplified 16S rRNA gene to investigate the dynamic distribution and adaptability of the gut microbiome in the duodenum, jejunum, ileum, cecum, colon, and rectum of seven Aohan fine-wool sheep at 12 months. The results showed that the microbial composition and diversity of the ileum and the large intestine (collectively termed the hindgut) were close together, and the genetic distance and functional projections between them were similar. Meanwhile, the diversity index results revealed that the bacterial richness and diversity of the hindgut were significantly higher than those of the foregut. We found that from the foregut to the hindgut, the dominant bacteria changed from Proteobacteria to Bacteroidetes. In LEfSe analysis, Succiniclasticum was found to be significantly abundant bacteria in the foregut and was involved in succinic acid metabolism. Ruminococcaceae and Caldicoprobacteraceae were significantly abundant in hindgut, which can degrade cellulose polysaccharides in the large intestine and produce beneficial metabolites. Moreover, Coriobacteriaceae and Eggthellaceae are involved in flavonoid metabolism and polyphenol production. Interestingly, these unique bacteria have not been reported in Mongolian sheep or other sheep breeds. Collectively, the gut microbiota of Aohan fine-wool sheep is one of the keys to adapting to the semi-desert grassland environment. Our results provide new insights into the role of gut microbiota in improving stress tolerance and gut health in sheep.

Keywords: sheep, microbial diversity, intestinal segments, stress tolerance, high-throughput sequencing


INTRODUCTION

Every part of an individual animal has a microbial community (Neish, 2009). The microbial community exists in a symbiotic relationship with the host (Ley et al., 2006a). This complex collection of microorganisms is called the microbiota, and their genetic material is called the microbiome (Turnbaugh et al., 2007). Animal intestinal microbes are dynamic; during the host’s life cycle, the microflora undergo significant changes due to factors, such as diet, environment, and disease state, among others (Shreiner et al., 2015). Microbes contribute to energy homeostasis, metabolism, intestinal epithelial health, immune activity, and nerve development in animals (Cho and Blaser, 2012). In addition, intestinal microorganisms play an important role in the development of animals. The addition of corn bran to the diet of weaned piglets induced changes in the ratio of Firmicutes to Bacteroidetes changing the microbial diversity and enhancing the anti-inflammatory response of the organism (Liu et al., 2018). Similarly, the addition of caragana to sheep diets changes the composition of intestinal microbes in the body, improving the meat quality of sheep in terms of tenderness and fatty acid content (Zhang et al., 2021).

At present, it is generally considered that the distribution of intestinal bacteria in different intestinal segments is different, and is related to the function of the particular intestinal segment. In a study on broiler chickens, Firmicutes was the dominant genus in the intestinal tract, and Bacteroidetes, as an important type of phylum, only occupies 50% of the abundance in the cecum (Xiao et al., 2017). A study on pigs revealed that Proteobacteria was the dominant phyla in the small intestine, while Firmicutes was the dominant phylum in the large intestine, accounting for 80% of the microbial population, followed by Proteobacteria (Zhao et al., 2015). In Mongolian sheep growing in the Gansu province of China, the proportion of Firmicutes and Bacteroidetes among the intestinal microbes reached 80%, and there was no consistent bacterial ratio among intestinal segments (Zeng et al., 2017). However, the intestinal microbial composition of a camel’s ileum, cecum, and colon was relatively similar, and Firmicutes and Bacteroidetes accounted for 50–60% of the intestinal microbiota (He et al., 2018). This shows that there are obvious differences in intestinal microbes between monogastric animals and ruminants. Meanwhile, different types of ruminants have different compositions of intestinal microbes. These differences are caused by the characteristics of the animal and its natural environment (Guo et al., 2020b). In our analysis, we considered the duodenum and jejunum as the foregut, and the ileum and large intestine as the hindgut based on the microbial composition.

The current analysis of sheep intestinal microbes focuses on the exploration of fecal microbes and microbes in individual intestinal segments. Some studies have reported that the fecal microbiota cannot represent the microbial composition of intestinal segments (Zhao et al., 2015; Donaldson et al., 2016). Moreover, for the study of a single intestinal segment, the correlation between the intestinal segments is usually lacking, and only the characteristics of a single intestinal segment can be displayed (Al-Masaudi et al., 2017; Zhang et al., 2018; Lin et al., 2021). To study the composition of the gut microbiome of Aohan fine-wool sheep, we determined the complete microbiome spectrum of the adult sheep gut. We also systematically studied the changes in the intestinal microbiota between the foregut and hindgut to explore the stability of microorganisms in different intestinal segments.

Aohan fine-wool sheep is produced in Northeast China. It is a wool-meat dual-purpose breed developed by crossing Chinese Mongolian sheep as female parent and Soviet Caucasian sheep and Gustav sheep as male parent. Aohan fine-wool sheep have the advantages of roughage tolerance and high adaptability (Xiao-ping, 2009; Cui et al., 2014). Aohan sheep farms are located in regions with low annual rainfall, low winter temperatures, and strong winds accompanied by sandstorms and dust problems. Therefore, the quantity and quality of pastures in Aohan sheep farms are poor (Masters et al., 1990). Aohan fine-wool sheep have been selected and bred for generations, becoming an excellent breed that can be grown in arid desert areas, for wool and meat. In this study, we analyzed the overall gut microbial composition and differential bacterial genera in Aohan fine-wool sheep and compared the differences in microbial composition between the foregut and hindgut. In addition, we performed the functional analysis of microorganisms and analyzed the importance of intestinal microorganisms in influencing breed characteristics. The results showed the relationship between intestinal microorganisms of Aohan fine-wool sheep and their breed characteristics and environmental adaptability.



MATERIALS AND METHODS


Ethics Statement

All experimental designs and operations were approved by the Animal Care and Use Committee of China Agricultural University and performed in accordance with the “Guidelines for Experimental Animals” of the Ministry of Science and Technology, Beijing, China (Permit number: SKLAB-2012- 04-07).



Animals and Sample Collection

During the research, seven Aohan fine wool rams were obtained from JinFeng Animal Husbandry Co., Ltd. (Chifeng City, Inner Mongolia Autonomous Region, China) (42°15′28.1″N, 118°53′12.7″E) (Figure 1A). All sheep were raised according to standard livestock management methods, including the same temperature and humidity (The annual average temperature is 4.9–7.4°C, and the annual precipitation is 218–595 mm), the same feed (Lambs are fed with the milk of ewes, and as adults, the feed is mainly maize straw and alfalfa hay), the same grazing time, and sufficient drinking water (Figure 1B). At the age of 12 months, seven Aohan fine wool sheep were euthanized and slaughtered. Fresh intestinal contents (∼10 g) were collected from duodenum, jejunum, ileum, cecum, colon, and rectum. Samples were placed in liquid nitrogen immediately after collection, and then transferred to –80°C ultra-low temperature freezer for storage.


[image: image]

FIGURE 1. The sampling site of this study was Aohan Banner. (A) The geographic location of raising Aohan fine-wool sheep is indicated by red coordinates. Map from the China Department of Natural Resources. Approval number: GS(2019)1652. (B) The red marks indicate the geographical areas where the Aohan fine-wool sheep live; these areas have a semi-desertified grassland environment. The scale bar is 20 km, source: Google Maps.




DNA Extraction, PCR Amplification, and Illumina MiSeq Sequencing

Microbial genome was extracted according to experimental steps using TIAN amp Genomic DNA Kit (TIANGEN Bio-Tek Co., Ltd., Beijing, China). The quality of DNA was detected by 0.8% agarose gel electrophoresis, and DNA was quantified by UV spectrophotometer. V3-V4 region of 16S rRNA gene was amplified using the following primers: ACTCCTACGGGAGGCAGCA (forward) and GGACTACHVGGGTWTCTAAT (reverse). NEB’s Q5 high-fidelity DNA polymerase (NEB Bio-Tek Inc., Ipswich, MA, United States) was used for amplification, the system is 25 μl: 5× Q5 Reaction Buffer 5 μl, 10 mM dNTPs 0.5 μl, 10 μM Forward and Reverse Primer 1.25 μl for each, Template DNA 1 μl, ddH2O 16 μl. The thermal cycle includes initial denaturation at 98°C for 2 min, denaturation at 98°C for 15 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, and final extension at 72°C for 5 min, holding at 4°C, and cycling 30 times. AXYGEN gel recovery kit (Corning Bio-Tek Inc., NY, United States) was used for gel cutting and recovery, and fluorescence quantification of PCR amplification and recovery products was performed. The fluorescence reagent is Quant-iT PicoGreen dsDNA Assay Kit (Thermo Fisher Scientific Inc., West Palm Beach, FL, United States), and the quantitative instrument is FLx800 Microplate reader (Agilent BioTek Inc., Santa Clara, CA, United States). After fluorescence quantification, the samples were mixed proportionally according to the sequencing requirements of each sample. The sequencing library was prepared using TruSeq Nano DNA LT Library Prep Kit (Illumina BioTek Inc., San Diego, CA, United States). The constructed libraries, inspected for quality using Agilent High Sensitivity DNA Kit (Agilent BioTek Inc.), presented only a single peak and no linker. MiSeq sequencer (Illumina BioTek Inc.) was used to carry out 2 × 300 bp paired-end sequencing, and the corresponding reagent is MiSeq Reagent Kit V3 (600 cycles) (Illumina BioTek Inc.). In order to ensure quality, the insert range for sequencing was 200–450 bp.



Bioinformatics Analysis and Statistics

The raw data goes through the steps of remove primer, quality filtering, denoise, splicing and de-chimerism to obtain clean reads. This process is realized through the QIIME2 DADA2 platform (Callahan et al., 2016; Bolyen et al., 2018, p. 2). Each deduplicated sequence generated using DADA2 quality control is called an operational taxonomic unit (OTU) representative sequence. By performing statistics on the leveled OTU table, the specific composition table of the microbial communities in each sample at each classification level can be obtained. Through this table, calculate the number of classification units contained in different samples at each classification level. In order to analyze the indicators of microbial richness, diversity and evenness, we conducted an Alpha diversity analysis. Next, we used bray_curtis distance algorithm to performed principal coordinate analysis (PCoA) and cluster dendrogram, and the unweighted pair-group method was used to calculate arithmetic mean. Linear discriminant analysis effect size (LEfSe) analysis realizes simultaneous differential analysis of all classification levels of microorganisms (Segata et al., 2011). Meanwhile, it searches for robust different species between groups.

PICRUSt2 is a software that predicts the functional abundance of samples based on the abundance of marker gene sequences in the samples (Douglas et al., 2020). We used the MetaCyc functional database1 to predict 16S rRNA gene sequences. And based on the data results, we obtained different metabolic pathways between different subgroups.

GraphPad Prism (version 8.0) was used for statistical analysis. The Repeated Measures ANOVA test method was used to detect the differences of microbial abundance between intestinal segments. F > 1 indicated that difference of the mean squares between groups and within the groups is statistically significant. The criterion of significance was conducted at P < 0.05.




RESULTS


Sequencing Results and Bacterial Diversity of Different Intestinal Segments

In total, we obtained 2,455,588 raw reads from 6 intestinal segments of seven sheep. After filtering out, denoising, chimera checking, and singleton checking, we obtained clean reads of 1,302,080 sequences. And 17,379 operational taxonomic units (OTUs) were obtained by clustering at 97% identity (Supplementary Materials 1, 2). To study the commonality and peculiarity of the microbes, we used a Venn diagram to calculate the number of OTUs shared by different intestinal segments between the groups. The frequency of the screening samples was 50%. First, we analyzed the intestinal segments of the hindgut. The number of core OTUs shared by the four hindgut segments was 380 (Figure 2A). The number of OTUs observed in the foregut was 124, which was less than that observed in the hindgut (Figure 2B). The results showed that the microbial abundance of the foregut was lower than that of the hindgut.
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FIGURE 2. Sequencing results and statistical analysis of diversity. (A) Venn diagram showing the OTUs shared among the hindgut segments. (B) Venn diagram showing the OTUs shared between the foregut segments. (C) The Chao1 and Shannon indices of six intestinal segments. Significantly different indices were tested by Kruskal-Wallis test with adjusted *P value of < 0.05, **P > 0.01. (D) Rarefaction curve of Good’s coverage index. Each curve represents the mean within the group.


To prove the accuracy of the analysis results, we conducted a diversity analysis of intestinal microbes and used Chao1 and Shannon indexes to analysis. The results showed that the diversity and richness of intestinal microbes were higher in the hindgut (P < 0.01, F > 1.00), and there was no significant difference in microflora among the hindgut segments (ileum, cecum, colon and rectum; P > 0.05, F = 0.78; Figure 2C). The Good’s coverage index of each sample was more than 90%, and the curve tended to be flat. Among them, the index of the foregut was steep, indicating that the abundance of the detected OTUs was higher in the foregut. Meanwhile, the results show that the sequencing data were sufficient to cover all the bacterial communities (Figure 2D).



Cluster Analysis and Microbial Composition Among Different Intestinal Segments

In previous studies on the cluster analysis of intestinal microbes in sheep, the correlation between the ileum and other intestinal segments was not accurately defined (Zeng et al., 2015; Wang et al., 2017). Therefore, we assumed that the bacterial compositions of the ileum and large intestine were similar. To confirm this hypothesis, we analyzed the microbial community composition of the six intestinal segments. And found that the microbial composition of the foregut and the hindgut was very different, and that of the intestinal segment ileum and the large intestine was similar. In addition, the degree of correlation in the microflora of the duodenum and jejunum in the foregut was not too high, with 29.0 and 7.7% variations explained by principal component 1 (PC1) and PC2, respectively (Figure 3A). Next, we conducted ANOSIM similarity analysis, and the results showed that the intestinal microbial structures of the foregut and hindgut were significantly different (P < 0.01, R = 0.54) (Supplementary Material 3).
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FIGURE 3. Cluster analysis of Aohan fine-wool Sheep. (A) Principal coordinate analysis (PCoA) based on all samples. (B) The hierarchical tree shows the UPGMA clustering result. The abscissa indicates the distance between samples, the number after the group abbreviation represents the individual number, and the branch length indicates similarity. On the right is the stacked histogram of the top 10 abundant bacterial families in the sheep intestine. The abscissa indicates the proportion of bacteria. (C) The phylum-level microbial composition of each intestinal segment. (D) The genus-level microbial composition of each intestinal segment.


In the hindgut, for the similar microbial composition clusters, the similarity between individuals in the same intestinal segment is higher than that between different intestinal segment within individuals (Figure 3B). The microorganisms in the hindgut mainly included Ruminococcaceae, Christensenellaceae, Lachnospiraceae, Rikenellaceae, and Akkermansiaceae. These five types of bacteria accounted for 65% of all the gut microbes (Figure 3B). The similarity in microbial composition may be related to functional consistency. In the foregut, the duodenum and jejunum were not clustered among individuals, and the jejunum was quite different among individuals. Burkholderiaceae, Ruminococcaceae, and Saccharimonadaceae were the dominant bacterial families. To judge whether the degree of dispersion of samples within a group is different among different groups, we used the ADONIS permutation test. The degree of dispersion of the foregut was significantly higher than that of the hindgut, and there was no significant difference in the foregut group (Supplementary Material 4).

In the analysis of microbial composition, we focused on exploring the top 10 bacteria at the phylum and genus levels. We analyzed the composition of microorganisms at each taxonomic level. At the phylum level, Firmicutes (average 52.88%) and Bacteroidetes (average 30.23%) were the dominant bacteria in the hindgut. In the foregut, Proteobacteria (average 31.70%) and Firmicutes (average 47.44%) were the dominant bacterial phyla. The proportion of Bacteroidetes (hindgut 30.16%, foregut 1.95%), Verrucomicrobia (hindgut 8.02%, foregut 0.19%), and Spirochaetes (hindgut 2.08%, foregut 0.01%) in the foregut and hindgut was significantly different (P < 0.01, F > 1.00) (Figure 3C). This shows that these bacteria are more active in the hindgut, indicating their role in the fermentation and water absorption processes of the hindgut. At the genus level, Ruminococcaceae_UCG-005, Christensenellaceae_R-7_group, Akkermansia (sum 26.14%) were the dominant genera in the hindgut. The proportion of Christensenellaceae_R-7_group (hindgut 7.43%, foregut 7.06%) remained the same throughout the intestine (P > 0.50, F > 1.00) (Figure 3D). Compared to the foregut, most of the annotated bacteria were more abundant in the hindgut. Additionally, Candidatus-Saccharimonas was a unique bacterium in the foregut.



Microbial Communities of Different Intestinal Segments

To further explore the differences between the samples, we conducted a Kaplan-Meier analysis. According to the results of the cluster analysis, we performed the Wilcoxon test and LEfSe analysis on the foregut and hindgut, respectively. (Supplementary Material 5). The genus of more abundant bacteria in the cecum was Ruminococcaceae_UCG_010, and Caldicoprobacter in the ileum was a significantly abundant bacteria belonging to the Firmicutes phylum (LDA > 2, P < 0.05; Figure 4A). Coriobacteriales in the colon belongs to the phylum Actinobacteria. The rectum included significantly abundant bacteria Family_XIII_UCG_001 under Clostridium, Eggerthellaceae under Actinomycetes, and p_251_o5 under Bacteroides (LDA > 2, P < 0.05; Figure 4B). In the analysis of the foregut, we found that the significantly abundant bacteria of the duodenum mainly included Succiniclasticum under Acidaminococcaceae. The abundance of Ruminococcaceae, and Defluviitaleaceae under the class of Clostridia was also significantly higher than that in the jejunum (LDA > 2, P < 0.05; Figure 4C). Escherichia_Shigella, Akkermansiaceae, Veillonellaceae, and Butyricicoccus were more abundant in the jejunum compared to duodenum, which may be related to the specific digestive function of the jejunum (LDA > 2, P < 0.05; Figure 4D).
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FIGURE 4. Linear discriminant analysis (LDA) effect size (LEfSe) analysis of the intestinal segments of Aohan fine-wool sheep. The LEfSe analysis histogram of hindgut (A,C) foregut. The ordinate is the taxa with significant differences between groups, and the abscissa is a bar graph displaying the LDA logarithmic score value of each taxon. The longer the length, the more significant the difference of the taxon, and the color of the bar graph indicates the sample group with the highest abundance corresponding to the taxon. The LEfSe analysis branch diagram of hindgut (B,D) foregut. The node size corresponds to the average relative abundance of the taxa, and the hollow nodes represent taxa with insignificant differences between groups. The letters identify the names of taxa that differ significantly between the groups.




Microbial Function Prediction and Intestinal Metabolic Pathways

To investigate the functional differences in the intestinal microbiota of Aohan fine-wool sheep, we performed a functional analysis of microbiota using PICRUST2 (Supplementary Material 6). First, we counted the abundance of metabolic pathways in six intestinal segments using the MetaCyc database as a reference. The abundance statistics of functions revealed that more microbial functions were related to biosynthesis and metabolism (Figure 5A). The abundance of the biosynthesis processes was significantly higher than that of the other metabolic pathways. The main biological pathways in the intestine included amino acid biosynthesis, nucleoside and nucleotide biosynthesis, biosynthesis of cofactors, prosthetic groups, electron carriers, and vitamins, and the biological processes of biosynthesis, and fatty acid and lipid biosynthesis.
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FIGURE 5. Predictive analysis and statistics of foregut and hindgut microbial function. (A) The abundance of the differential metabolic pathways based on the MetaCyc database. The abscissa is the abundance count of the classification, the ordinate is the functional pathway of MetaCyc’s second classification level, and the rightmost is the first-level classification to which this pathway belongs. (B) The differential analysis of metabolic pathways based on the metagenomeSeq method. Light blue represents the foregut and light yellow represents the hindgut. The right ordinate is the corrected q-value and the left ordinates are different pathway labels.


To investigate the differences between the intestinal metabolic pathways, we used q-value < 0.05 as the standard for the differential enrichment analysis. The results showed that the biological pathways of catechol degradation, salicylic acid degradation, aromatic compound degradation, and the citric acid cycle pathways are more active in the foregut. In contrast, the hindgut mainly includes the biological processes of chondroitin sulfate degradation and protein N-glycosylation synthesis (Figure 5B).




DISCUSSION

This study conducted a comprehensive analysis of the intestinal microbes of Aohan fine-wool sheep. The 16S rRNA gene sequencing method was used to analyze the microbial structure, composition, significantly abundant bacteria, and potential functions of each intestinal segment.

The small intestine is an important organ for digestion and absorption. The large intestine mainly absorbs water and absorbable nutrients. It can also produce acetate, propionate, and butyrate as sources of nutrients for intestinal cells (Miller and Wolin, 1996). The results of the PCoA analysis revealed that the foregut was significantly separated of hindgut. Our results are consistent with the analysis results in Mongolian sheep (Zeng et al., 2017). Our study showed that the intestinal microbial diversity and richness of the foregut of Aohan fine-wool sheep were significantly lower than those of the hindgut. Previous studies have confirmed that the microbial diversity in the small intestine is low (Eckburg et al., 2005). The microbial population in the small intestine is usually affected by a host of adverse factors, such as low pH, faster transit time, and exposure to bile acids and antimicrobial peptides. Studies have shown that Firmicutes and Proteobacteria, which dominate the small intestine, are more tolerant of these factors (Angelakis et al., 2015; Leone et al., 2015). This explains the abundance of Proteobacteria in the foregut of Aohan fine-wool sheep. Proteobacteria are also the dominant phylum on other species, including rumen of calves (Rey et al., 2014) and Yimeng black goats (Li et al., 2021). Interestingly, in previous studies on Mongolian sheep (raised in the Gansu province of China), Proteobacteria was not found to be the dominant phylum (Zeng et al., 2017). However, in camels (bred in Xilin Gol, Inner Mongolia Autonomous Region, China), the results were similar to those from our analysis (He et al., 2018). This indicates that the intestinal microflora is influenced by differences in rearing environments. The Bacteroidetes phylum is the dominant phylum in the large intestine, and the same results have been found in other mammals (Donaldson et al., 2016). The large intestine is characterized by a slow flow rate and a neutral to slightly acidic pH. It is beneficial for the colonization of Bacteroidetes (Flint et al., 2012). In general, our results indicate that in Aohan fine-wool sheep, the intestinal environment behind the ileum is more uniformly characterized by mild pH and low-speed transport. At the phylum level, the dominant phylum of gut microbes in ruminants and monogastric animals were consistent.

The results of our study indicated that the same microbial population exists in the foregut and hindgut and performs functions in the gut. Firmicutes and Bacteroidetes were the dominant flora in the hindgut. It participates in energy metabolism and affects obesity (Ley et al., 2006b; Komaroff, 2017). In addition, we found that the abundance of Christensenellaceae and Lachnospiraceae in the foregut and hindgut were relatively stable (P > 0.05), indicating that they play an important role in the intestinal tract. The Christensenellaceae_R-7_group is a member of the Christensenellaceae family. The Christensenellaceae family is a relatively new bacterial family that has previously been related to the host’s health (Waters and Ley, 2019). Moreover, Christensenellaceae is positively correlated with protein catabolism and intestinal metabolites of dietary animal proteins (Beaumont et al., 2017; Manor et al., 2018). In a study on ruminants, Christensenellaceae_R-7_group improved the development of the rumen and increased the absorption and digestion of nutrients (Couch et al., 2020; Huang et al., 2021). These results indicate that Christensenellaceae may be an important part of the gastrointestinal tract of ruminants. Lachnospiraceae is the main component of the intestinal microbiota of ruminants (Kittelmann et al., 2013), and is closely related to the production of butyrate (Haas and Blanchard, 2017). Our results are consistent with those of previous studies (Freetly et al., 2020; Li et al., 2020) and indicate that these stable bacteria are involved in the growth of ruminants.

In this study, we found significantly abundant bacteria in each intestinal segment. Interestingly, previous reports on the gut bacterial of Mongolian sheep were not focused on these bacteria, possibly due to differences in feeding environment and breed adaptation (Zeng et al., 2015, 2017). Butyricicoccus is a type of bacteria that produces butyric acid, providing butyrate as the main nutrient for intestinal epithelial cells (Geirnaert et al., 2014). Akkermansiaceae is related to gastrointestinal homeostasis and metabolic balance (Clarke et al., 2014). These foregut bacteria may be responsible for imparting the characteristics of strong adaptability and tolerance to rough feeding in Aohan fine-wool sheep. The significantly abundant bacteria in the hindgut mainly included Caldicoprobacteraceae and Ruminococcaceae. These bacteria can ferment a variety of nutrients and produce volatile fatty acids. In addition, indigestible polysaccharides can be used to produce metabolites that are beneficial to the intestinal tract (Deng et al., 2017; Guo et al., 2020a). A study showed that Ruminococcaceae-UCG-010 and UCG-005 (at the genus level) are related to the degradation of starch and fiber in ruminants (Kim et al., 2011). These communities may contribute to further fermentation of feed in the cecum. However, these core bacteria were not highly abundant in the cecum of Small Tail Han sheep (Zhang et al., 2018). This difference may be related to the characteristics of the breed and the distribution area. Small Tail Han sheep are distributed in the Shandong Province of China and are known for their very high rates of reproduction and extremely high fecundity. However, the meat quality of Small Tail Han sheep is worse than that of Mongolian sheep (Cannas, 2011). Compared with Mongolian sheep, the bacteria identified in this study has not been reported before (Zeng et al., 2017). However, in other ruminants, such as sika deer, Ruminococcaceae-UCG-010 is reported to be the main bacterial species in the hindgut, where it degrades cellulose and produces short-chain fatty acids (SCFAs) (Li et al., 2019). Similar results have been reported in newborn calves (Elolimy et al., 2020). These observations are consistent with the results of our study. Coriobacteriaceae and Eggerthellaceae belong to the phylum Actinobacteria. Studies have indicated that the abundance of Eggerthellaceae is positively correlated with feed efficiency (Bach et al., 2019). Previously, research on the function of these highly abundant bacteria revealed that strains of Coriobacteriaceae and Eggerthellaceae are particularly involved in the metabolism of daidzein and genistein, and they can convert to food polyphenols (Soukup et al., 2021). However, The Coriobacteriaceae and Eggerthellaceae have not been observed and analyzed in other breeds of fine-wool sheep (Yang et al., 2021). In this study, the ability of Aohan fine-wool sheep to metabolize fiber polysaccharides and flavonoids may be related to the grazing environment. The grassland composition of semi-desert pastures is complex. In the current study, these bacteria found in the hindgut were not of interest in other breeds of sheep. Increased concentrations of these bacteria, such as Caldicoprobacteraceae and Ruminococcaceae in the hindgut, enhance the digestibility of crude fiber while producing beneficial metabolites.

The microbial potential function analysis revealed that the foregut plays an important role in the metabolism of biomass and produces important biosynthetic precursors. The methyl citrate cycling pathway in the foregut can metabolize propionate to pyruvate (Brock et al., 2002). Meanwhile, the metabolism of catechol and the degradation of salicylic acid is more active in the foregut. This pathway produces the energy substrates succinate and acetyl CoA, which are involved in energy metabolism (MacLean et al., 2006; Cámara et al., 2007). Succiniclasticum seems to be involved in the metabolite transformation process, which provides energy to ruminants during the conversion of succinic acid to propionic acid (Van Gylswyk, 1995). Therefore, the combined action of these substances and bacteria provides ruminants with additional energy. Our analysis showed that the metabolism of the hindgut involves the degradation of polysaccharides and the biosynthesis of carbohydrates (Olson, 2002). However, PICRUSt2 still has drawbacks in predicting the potential functions. Since 16S rRNA gene amplification is based on sequencing and analysis of hypervariable regions, functional prediction cannot provide resolution to distinguish strain-specific functionality, this leads to an important limitation of PICRUSt2 and any amplicon-based analysis (Douglas et al., 2020). These results demonstrated the bacteria involvement in the process of metabolic conversion and predicted the potential relationship with the roughing tolerance of Aohan Fine Wool Sheep.



CONCLUSION

This study revealed the unique gut microbial compositions of Aohan fine-wool sheep growing in a semi-desert environment. The structure and composition of gut microbes in Aohan fine-wool sheep are associated with stronger environmental adaptation and gut health. Our results revealed a robust energy metabolism in the foregut. The hindgut has a strong ability to digest crude fiber and produce SCFAs. Therefore, these findings provide a baseline for understanding the complex intestinal microbiota adapt to the living environment and provides new insights into improving stress resistance and gut health in sheep through microbes.
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Dietary amino acids shift hydrogen metabolism to an alternative hydrogen sink consisting of dissolved hydrogen sulfur (dH2S) rather than methanogenesis; and influences the fermentation metabolome and microbiome associated with particles and liquid fractions in gut regions (foregut, small intestine, and hindgut) of goats. A completely randomized block design with a total of 20 goats (5 goats per treatment) was used to conduct the trial. The goats were fed on a diet that consisted of a concentrated mixture with maize stover roughage (50:50, on a dry matter basis) and randomly assigned to one of the four treatments: without amino acid supplementation (a basal diet), a basal diet supplemented with methionine (Met), a basal diet supplemented with lysine (Lys), and a basal diet supplemented with methionine and lysine (ML). Goats fed Met alone or in combination had less acetate, acetate to propionate ratio, and greater propionate (p < 0.05) in the foregut and hindgut than those fed control or Lys. Nonetheless, the goats fed on the amino acid supplements had higher levels of branched-chain VFA (p < 0.05) in the foregut and hindgut than the control goats. Goats fed on ML had the highest ammonia (p < 0.01), followed by Met or Lys, both in the foregut and hindgut, compared with the control. Those fed on Met alone or in combination, had lower dH2, dCH4 (p < 0.01), and higher dH2S (p < 0.01) in the foregut and hindgut than the control or Lys. The goats that were fed on Met alone or in combination, had higher 16S rRNA gene copies of total bacteria, methanogens, and 18S rRNA gene copies of protozoa, fungi, and fiber-utilizing bacterial species (p < 0.01) associated with particles vs. liquid, both in the foregut and hindgut than the control goats. This study gives insights into the use of sulfur-containing amino acids, as an alternative dietary mitigation strategy of methanogenesis in ruminants and highlights the need for further research in this direction.

Keywords: amino acids, hydrogen, metabolites, metagenomics, microbiome


INTRODUCTION

Microbial fermentation of amino acids produces ammonia, volatile fatty acids (VFA), carbon dioxide (CO2), methane (CH4), and molecular hydrogen (H2) in the gut (foregut, small intestine, and hindgut) of ruminants. It is crucial to reduce the level of crude protein (CP) in ruminant diets with the supplementation of limiting amino acids such as methionine and lysine, to improve the number of metabolizable amino acids; and decrease nitrogen losses, feed costs, and greenhouse gas emissions without adverse effect on animal performance (Sinclair, 2014; Guyader et al., 2016). It has been shown that dietary supplements with high sulfate could shift H2 toward energetically advantageous pathways away from methanogenesis and reduce methane emissions and yield (Judy et al., 2019; Lan and Yang, 2019; Teklebrhan et al., 2020). For instance, a sulfur-rich corn gluten diet decreased dissolved hydrogen (dH2) and methane (dCH4), while increasing dissolved hydrogen sulfur (dH2S) which was associated with reduced methanogenesis in goats fed on corn meal (Teklebrhan et al., 2020). Hydrogen has been shown to be involved in amino acid fermentation in several ways. In some cases, hydrogen or reducing equivalents required for hydrogenation reactions can be obtained by the uptake of molecular hydrogen or may be generated from one amino acid for the reduction of another (Nisman, 1954; Barker, 1961). This suggests that amino acid biosynthesis can either release or consume H2, which could affect gut fermentation pathways and gaseous production. Biosynthesis of sulfur-containing amino acids like methionine involves H2 being reduced to H2S, suggesting that methionine biosynthesis could facilitate uptake of H2 by sulfidogenic bacteria rather than methanogens.

Research on diet supplementation with amino acids is limited to using amino acids in microbial fermentation and microbiome patterns in ruminants, though few in vitro trials Abbasi et al. (2019) and Hassan et al. (2021) reported inconsistent results for lysine and methionine in fermentation and microbiota. Hence, it is crucial to investigate and compare the effects of supplementation of dietary methionine or lysine, either alone or in combination with a low protein diet in modulating microbial fermentation and the microbial ecosystem in the gut (foregut, small intestine, and hindgut) of ruminants. We hypothesized that methionine supplementation, either alone or combination in corn stover based diet could shift hydrogen metabolism toward an alternative electron sink and modulates fermentation metabolome and microbiome in goats. As a result, this study investigated that sulfur amino acids shift hydrogen to H2S than methanogenesis and altered the microbiome associated with solid and liquid fractions in the gut regions of goats.



MATERIALS AND METHODS


Animals Feeding and Management

The study used twenty Liuyang black male goats with an average age of 10 ± 0.2 months old and an initial body weight of 18.2 ± 2.5 kg. The experiment was conducted using a completely randomized block design with a total of 20 goats (5 goats per treatment). All of the goats were kept in stainless steel metabolic cages (150 cm × 60 cm × 80 cm) with free access to clean water. The metabolic room’s temperature was set to 22 ± 1°C. The diet was designed to meet 140% of the metabolic energy maintenance needs (Lu and Zhang, 1996). The ingredients and nutrient composition of a basic diet are given in Table 1. In total, twenty goats were randomly divided into four groups. Each group of five goats was randomly assigned to one of four diets: a basal diet with no amino acid supplementation (control), a control diet supplemented with methionine (Met), a control diet supplemented with lysine (Lys), and a control diet supplemented with both methionine and lysine (ML). Goats were adapted to treatment diets through step-wise increments for 14 days until they all reached their stable dry matter (DM) intake according to the standard of metabolic body weight. The experimental period lasted for another 12 d. Goats were fed ad libitum, targeting less than 5% refusal. Daily meals were offered twice equally at 8:00 am and 4:00 am. The amounts of methionine and lysine supplement in Met, Lys, and ML treatments were 1.27 g, 1.96 g, and 1.27 plus 1.96 g of concentrate on a DM basis, respectively, according to Sun et al. (2007). Briefly, the amounts of supplements were computed from the intestinal degradability of amino acids and the pattern in muscle protein of goats in order to balance the supply of amino acids to the duodenum. To balance the extra effect of nitrogen from the amino acid supplements, control, Met, and Lys were supplemented with 1.08, 0.81, and 0.25 g urea per 100 g of concentrate, respectively. The duodenal and ileal flows, as well as ileal apparent digestibility of amino acids, were calculated according to the following equations:
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TABLE 1. Ingredientsa and nutrient composition of the diet.
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where Qd is the DM flow in the duodenum, Ct the total amount of the administrated Cr2O3 in the rumen per day, Cd the Cr2O3 content in the dried duodenal digesta, Qi the DM flow at the ileum, Ci the Cr2O3 content in the dried ileal digesta, DFAAi the AAi flow at the duodenum, CDAAi the AAi content in the dried duodenal digesta, IFAAi the AAi flow at the ileum, CIAAi the AAi content in the dried ileal digesta, and DAAi is the ileal apparent digestibility of AAi. In addition, the amounts of Met and Lys infused into the lumen of the duodenum were calculated by the following equation as follows:
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where Dt is the ileal digestibility of total amino acids, Qt is the duodenal flow of total amino acids, ΔXi is the computed amount of AAi infused into the duodenum and Ri is the AAi proportion of total amino acids in the muscle.



Sampling and Processing

After the morning feed on d 12, 5 goats from each treatment were euthanized according to the ethical procedure of the Institute of Subtropical Agriculture, Chinese Academy of Sciences (procedure number: ISA-W-201802). The abdomen was opened, and the gut was immediately separated from the carcass. To avoid mixing of digesta for sampling, the gut regions (foregut, small intestine, and hindgut), including reticulo-rumen (foregut), duodenum, ileum, jejunum (small intestine), cecum, colon, and rectum (hindgut), were tied with a sterile thread at the start and end of each region. Each gut region was longitudinally incised along the dorsal line using sterile equipment. The contents in each gut region were first homogenized and then mixed thoroughly to reduce the localized effect.

Representative samples of the foregut (∼100 g), small intestine (∼60 g), and hindgut (∼60 g) were collected in sterile anoxic tubes. A schematized diagram of the sampling regions is given in Figure 1. Approximately, 10 g of a subsample from each gut region was used for immediate measurement of dH2, dH2S, and pH. Another subsample of each gut region was diluted with 1:5 (m/v) iced sterile anaerobic phosphate-buffered saline (PBS; pH 6.8). Samples were then homogenized and filtered through four layers of sterile cheesecloth to obtain approximately 100 ml of liquid and remaining particle-associated samples from each region, respectively, for the liquid and particle-associated samples. Then samples were immediately snap-frozen using liquid nitrogen at −80°C for genomic DNA isolation. The remaining liquid from each region was used for the analysis of VFA, ammonia, and dCH4.
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FIGURE 1. A schematic diagram of gut regions of goat. The sampled regions of the gut are highlighted in black boxes.




Sample Analysis

All samples of the feed offered, and refusals were dried at 105°C for 24 h for DM determination and then ground, using a hammer mill to pass through a 1-mm sieve. Crude protein (CP) (N × 6.25) was determined using the Kjeldahl method (AOAC, 1995). Neutral detergent fiber (NDF) with the addition of α-amylase and sodium sulfite and acid detergent fiber (ADF), both expressed inclusive of residual ash, were analyzed according to Van Soest et al. (1991). Metabolizable energy (ME) was calculated, according to Lu and Zhang (1996). Phosphorus and Ca concentrations were determined, following the procedure of AOAC International (2006).

The pH of gut samples was measured using a portable pH meter (Starter 300; Ohaus Instruments Co., Ltd., Shanghai, China). The dH2 and dH2S of gut samples were determined by micro-sensor, using H2 and H2S electrodes, respectively, according to protocols of the manufacturer’s manual (Unisense, Aarhus, Denmark). Dissolved methane (dCH4) was extracted from the liquid phase of gut samples into the gas phase using the procedure of Wang et al. (2016a) with slight modification. A 20-ml syringe containing 10 ml of N2 gas (>99.99%) was transferred into a 50-ml plastic syringe containing 35 ml of gut samples via polyurethane tubing. The gas dissolved in the liquid phase was released into the gas phase, by shaking at 200 revolutions per second for 5 min in an orbital shaker (WSZ-100A, Shanghai Yiheng Scientific Instruments Co., Ltd., Shanghai, China). Gas samples were collected, using evacuated tubes for analysis, using GLC (Agilent 7890A, Agilent Inc., Palo Alto, CA, United States). Then, the concentration of dCH4 in the original liquid fraction was computed using the equation of Wang et al. (2016a). Frozen liquids were thawed and centrifuged at 12,000 × g for 10 min at 4°C, and supernatants were used to determine the VFA profile according to Wang et al. (2016a) using gas chromatography (Agilent 7890A, Agilent Inc., Palo Alto, CA, United States). Ammonia concentrations were measured according to Weatherburn (1967).

One ml liquid and 1 g particle-associated samples from each gut region were used for the isolation of genomic DNA following the procedures of Yu and Morrison (2004). The quality of the DNA was determined, using agarose gel electrophoresis (0.8%). The quantity of DNA was measured, using a NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc., Wilmington, DE, United States). The qPCR analysis of target microbes was performed, using an ABI 7900HT, Fast Real-Time PCR system (Applied Biosystems, Foster City, CA, United States) using SYBR Premix Ex Taq (Perfect Real Time, Takara, Shiga, Japan). A standard curve was generated for each bacterial species and total bacteria, methanogens, protozoa, and fungi, using plasmid DNA containing the insert for the primers as shown in Table 2. The ten-fold serial dilutions of each standard were made in RNase-free water for qPCR analysis. The qPCR reaction volume was 10 μl, including 5 μl of SYBR Premix Ex Taq, 0.2 μl of ROX, 0.2 μl of each primer (10 μM), 1 μl of the template DNA (10 ng/μl), and 3.4 μl of RNase-free water. The program was set to 95°C for 30 s, followed by 40 cycles at 95°C for 5 s and 60°C for 30 s for annealing/extension. The final melting curve was detected at 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The final absolute amount of the target group or species was estimated, by relating the cycle threshold (CT) value to the standard curves. The results were then transformed into log10 copies/ml or g of sample for further analysis.


TABLE 2. Primers are used for quantitative PCR (qPCR).
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Statistical Analysis

Fermentation metabolites and qPCR data were analyzed using the R software version 3.6.3 by the (R Core Team2020, Vienna, Austria). Data were subjected to a linear mixed model, using the package lme4 version as described by Pinheiro et al. (2013). Including diet, gut regions, sample fraction, and all possible interactions between them, as fixed effects, and block or animal as a random effect. Multiple mean comparisons were tested, using Tukey’s adjustment. Differences at p ≤ 0.05 were considered significant results. Pearson correlation coefficients were computed to determine the correlations between fermentation metabolites and microbiota concentrations. Correlation coefficient values (r) with r > 0.44 for p < 0.1, r > 0.52, p < 0.05, r > 0.66 for p < 0.01, and r > 0.79 for p < 0.001. Correlation coefficient values greater than zero indicate a positive correlation while values less than zero indicate a negative correlation between variables.




RESULTS


Short-Chain Fatty Acid Metabolites

Amino acid supplementation changed the production of volatile fatty acids in gut regions (Table 3). The highest total VFA production was obtained (+73 and 64%) in the foregut, followed by the hindgut and the small intestine, with a lower (−24%; p < 0.05) in the hindgut vs. foregut filtrates. The foregut had a higher acetate molar percentage and acetate to propionate ratio (p < 0.05), than the hindgut and small intestine filtrates. Nevertheless, propionate, valerate, and branched-chain VFA (isobutyrate and isovalerate) (p < 0.05) followed the reverse trend; being higher in the small intestine > hindgut > foregut. Except in the small intestine, goats fed Met alone or in combination (ML), had lower acetate, and acetate to propionate ratios, but higher propionate (p < 0.05) than those fed control or Lys. Nevertheless, goats fed on the amino acid supplements had greater branched-chain VFA (p < 0.05) than those in the control group. Individual fatty acids were modulated by the interaction of the gut with diet: goats fed Met alone or in combination had less acetate, and acetate to propionate ratio while; having more propionate (p < 0.05) in the foregut and hindgut than those fed control or Lys. In addition, consistently, greater branched-chain VFA (p < 0.01) was apparent; both in the foregut and hindgut of goats fed the amino acid supplements than in the control group. Despite the small intestine having the highest propionate and branched-chain VFA (p < 0.05), these values remained unaffected by the diet groups.


TABLE 3. Fatty acid metabolites in gut regions of goats supplemented with amino acid.

[image: Table 3]


Dissolved Gas Products

Amino acid supplementation influenced ammonia and gaseous production, including dH2, dH2S, and dCH4, in different gut regions of goats (Table 4 and Figures 2, 3). The ammonia levels (+88 and 85%, respectively) were higher in the foregut and hindgut than in the small intestine, with the hindgut having less ammonia (−21%) than the foregut (Table 4 and Figure 2A). Foregut and hindgut had greater dH2 (+93 and 87%; p < 0.05), respectively, than in the small intestine with an apparently lower (−47.5%; p < 0.05) value in the contents of the hindgut vs. foregut (Table 4 and Figure 2B). In addition, the foregut and hindgut had greater dCH4 (+86 and 79%; p < 0.05) than in the small intestine and less (−30; p < 0.05) in the hindgut than the foregut (Table 4 and Figure 2C). Consistently, the foregut and hindgut had enhanced dH2S (+89 and 86%) levels than the small intestine and lower (−22%) dH2S levels in the hindgut than the foregut (Table 4 and Figure 2D). Goats fed ML had the highest ammonia compared with other treatments, whilst goats fed either Met alone or in combination had greater ammonia (p < 0.05) compared, with those in control (Table 4 and Figure 2E). In addition, goats fed either Met alone or in combination, reduced dH2, dCH4, while having greater dH2S production, than those in control or Lys (Table 4 and Figures 2F–H). It was consistent with higher ammonia in the contents of the foregut, followed by the hindgut in the amino acid supplements than in the control with ML having the highest ammonia levels (Table 4 and Figure 3A; p < 0.01). In addition, goats fed either Met alone or in combination, had reduced dH2, dCH4, while having increased dH2S (p0.05) than in control or Lys with a notably higher value in the foregut than in the hindgut and small intestine (Table 4 and Figures 3B–D; p < 0.01).


TABLE 4. Gas metabolites in gut regions of goats supplemented with amino acid.
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FIGURE 2. Least square and standard error of means (SEM) for the effect of gut and dietary amino acids, respectively, on microbial fermentation metabolome (A) ammonia production (mM), (B) dissolved hydrogen (dH2; μM), (C) dissolved methane (dCH4; mM), (D) dissolved hydrogen sulfur (dH2S; mM), and (E) ammonia production (mM), (F) dissolved hydrogen (dH2; μM), (G) dissolved methane (dCH4; mM), (H) dissolved hydrogen sulfur (dH2S; mM). Different letters on the top of bars for the gut reigns and, amino acid supplement, respectively, indicate significantly different at p < 0.05.
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FIGURE 3. Least square and standard error of means (SEM) on microbial fermentation metabolites (A) ammonia production (mM), (B) dissolved hydrogen (dH2; μM), (C) dissolved methane (dCH4; mM), and (D) dissolved hydrogen sulfur (dH2S; mM) in different gut regions of goats in response to amino acid supplements. Different letters for the dietary treatments within each gut region indicate significant differences at p < 0.01.




Association of Metabolome and Dissolved Gasses

There were positive correlations between dH2, dCH4 with ammonia, total VFA and molar percentages of propionate, isobutyrate, and isovalerate, and negative correlations with acetate, butyrate, and valerate, both in the foregut and hindgut, with no significant correlations in the small intestinal contents (Table 5). Furthermore, there was a strong positive correlation between dH2 and dCH4, while having a negative correlation with dH2S in the foregut and hindgut. Nevertheless, there was a negative correlation between dCH4 and dH2S in the foregut and hindgut. In addition, there was no significant correlation between dissolved gasses and fermentation metabolome in the contents of the small intestine.


TABLE 5. Correlation1 between dissolved hydrogen and fermentation metabolites in the gut regions of goats supplemented with amino acid.
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Microbiome

Amino acid supplementation had modulated gene copies of gut microbial ecosystems associated with particles and liquid fractions in goats (Table 6). The highest 16S rRNA gene copies of methanogens, bacteria, and 18S rRNA gene copies of fungi and protozoa (p < 0.01) were observed in the order of foregut > hindgut > small intestine. Additionally, 16S rRNA gene copies of starch (Salmonella ruminantium, Prevotella ruminicola, and Ruminobacter amylophilus) and fiber utilizing bacterial species (Ruminococcus albus, Ruminococcus flavefaciens, and Fibrobacter succinogenes) were also consistently greater in the foregut and hindgut than the small intestine. Goats fed amino acid supplements had increased 16S rRNA gene copies of bacteria, methanogens, and 18S rRNA of protozoa, fungi, and bacterial species (starch and fiber utilizing) (p < 0.05) than those in control. In addition, the interaction of gut regions with diet had modulated gene copies of microbiota (Table 6). In response to the amino acid supplements total bacteria, methanogens, protozoa, fungi, and functional bacterial species (p < 0.01) were increased in the foregut and hindgut compared with control.


TABLE 6. Microbiota2 in different gut regions of goats supplemented with amino acid.
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Regardless of the amino acid supplemented, greater populations of methanogens, bacteria, fungi, protozoa, and fiber utilizing bacterial species (R. albus, R. flavefaciens, and F. succinogenes), while less S. ruminantium, P. ruminicola (p < 0.05) were observed in the particles, than liquid fractions. In addition, particles associated populations of the methanogens, bacteria, fungi, protozoa, and fiber utilizing bacterial species (p < 0.01) increased, both in the foregut and hindgut than liquid fractions. Nevertheless, populations of S. ruminantium and P. ruminicola were higher in the liquid than particles associated fractions, both in the foregut and hindgut. Consistently, goats in the amino acid supplements had increased populations of total microbiota, fiber utilizing bacterial species associated with particles vs. liquid fractions, both in the foregut and hindgut than in the control treatment with a notably highest value in the foregut. Moreover, the foregut and hindgut in the amino acids had increased total populations of bacteria, methanogens, protozoa, fungi, and fiber utilizing bacteria species (p < 0.01) associated with particles rather than liquid fractions in the control group. The highest values of these microbiotas were observed in the foregut than the hindgut, and the lowest in the small intestine (Table 6).



Association of Gasses and Microbiome

Concentrations of microbial groups were in correlation with almost all fermentation metabolites, both in the foregut and hindgut (Table 7). Concentrations of total VFAs, dH2, and ammonia, and molar proportions of acetate, isobutyrate, and isovalerate, were positively correlated with all microbial groups in the foregut and hindgut. On the other hand, the concentration of dH2S was positively correlated with the DNA concentrations of bacteria, protozoa, and fungi, and negatively correlated with methanogens. Inversely, dCH4 was negatively correlated with bacteria, protozoa, and fungi, but positively correlated with methanogens and fiber degrading bacterial species. Furthermore, the molar percentage of propionate was positively correlated with bacteria and fungi, while, negatively correlated with protozoa and methanogens, and fiber degrading bacterial species. On the other hand, molar percentages of butyrate and valerate were negatively correlated with concentrations of all microbial groups considered in the foregut and hindgut (Table 7).


TABLE 7. Correlation1 between concentrations of microbial groups and fermentation metabolites in the gut regions of goats supplemented with amino acid.
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DISCUSSION

We have proposed that sulfur-containing amino acids could redirect hydrogen toward an alternative sink (H2S) than methanogenesis and modulates metabolites and microbiota associated with particles and liquid fractions in the gut regions of goats. This was supported by a significant shift of these values both in the foregut and hindgut, with little effect on the small intestinal contents. This is likely because, the small intestine is predominated by enzymatic digestion, rather than microbial fermentation in the foregut and hindgut segments, implying less or no effect on fermentation products in the small intestine, in response to the amino acid supplements.

The influence of Met alone or in combination on the shift of fermentation metabolites such as dissolved gasses, VFAs, and the microbial community was visible, both in the foregut and hindgut, but, had little effect on the small intestine (Figure 3). This shows that the methane mitigating effects of these amino acid supplements are induced, not only by rumen fermentation modifications but also by hindgut fermentation changes. In this study, the decreased acetate to propionate ratio and CH4, both in the foregut and hindgut of goats fed, either Met alone or in combination, indicated the use of these supplements in mitigating methanogenesis which was consistent with decreased total gas and CH4 in methionine supplemented more than in the control group in an in vitro trial (Abbasi et al., 2019).

However, an increased propionate in goats fed Met alone or in combination, could be caused by the sulfur contained in the amino acids. This claim is supported by previous studies that highlighted the role of sulfur supplementation at different doses (1 to 2.5%) in increased propionate in the range of (1 to 10.9%) in ruminants (Bal and Ozturk, 2006; Promkot et al., 2007; Supapong and Cherdthong, 2020a,b). This observation was consistent with a previous study that reported goats feeding on high sulfur in corn gluten; (CG) reduced CH4 production and yield, and this was associated with decreased rumen liquid dH2 and dCH4, and increased dH2S, as compared with those fed low sulfur in corn meal (CM; Teklebrhan et al., 2020). In addition, the inclusion of 2% sulfur with 2.5% urea in the fermented total mixed ration (FTMR), improved digestibility, fermentation, microbial crude protein synthesis, and milk quality in dairy cows (Supapong and Cherdthong, 2020a,b), suggesting that sulfur redirects H2 toward energetically beneficial pathways for the animal against methanogenesis.

The dH2 plays a central role in regulating fermentation pathways; low dH2 stimulates the acetate production pathway, while high dH2 stimulates the propionate production pathway (Janssen, 2010). This was consistent with a positive correlation of dH2 with propionate proportion; and a negative correlation with acetate proportion in the rumen (Wang et al., 2016b,2018; Teklebrhan et al., 2020). Similarly, in the current study, we have observed a positive correlation of dH2 with propionate proportion and a negative correlation with acetate proportion, both in the foregut and hindgut. A shift in fermentation pathways affects CH4 production because, acetate biosynthesis is associated with net H2 release while, propionate formation is associated with reduced H2 formation (Janssen, 2010).

A recent in vitro study has reported a reduced H2 recovery in the methionine supplement than in the control (Hassan et al., 2021). This is in line with the current study, the decreasing H2 in the foregut and hindgut of goats fed Met alone or in combination might be due to the following main reasons: (1) Sulfur-containing amino acids such, as Met, may over compute methanogens for H2 because sulfur can be used as a potential H2 sink (Teklebrhan et al., 2020). (2) Increased free amino acids may increase deamination of the process with increased ammonia accumulation, implying less efficient amino acid utilization for microbial growth, resulting in reduced H2 release in the gut regions. (3) On the other hand, the increased dH2 in the foregut and hindgut of goats fed control treatment suggests a thermodynamically less efficient H2 consumption by methanogens, thus, stimulating the fermentation pathway that releases less H2 than more H2, per unit of glucose fermented in the gut regions. This was associated with increased propionate, over the acetate pathway in the foregut and hindgut of goats fed sulfur-containing amino acids, i.e., Met rather than control or Lys.

Sulfur-containing amino acids shifted H2 to a different hydrogen sink, increasing dH2S production rather than CH4 production. This occurs under standard gut conditions because sulfidogenic bacteria have a higher affinity for H2 utilization than methanogens, suggesting thermodynamically methanogenesis is less favored than sulfate reduction (Van Zijderveld et al., 2010; Judy et al., 2019; Lan and Yang, 2019; Teklebrhan et al., 2020). Because sulfur-reducing microbes use sulfur as an electron sinker or acceptor, and the reduced forms of sulfur H2S is a metabolic end-product of fermentation from these microorganisms and noticed in the current study. It is related to the reduced forms of sulfur observed in an earlier study (Gould, 2000). This is supported by our findings of increased H2S than methanogenesis in the foregut and hindgut; in response to sulfur-containing amino acid supplementation. Similarly, methanogenesis was reduced in goats fed; a high sulfur-containing diet of CG vs. CM (Teklebrhan et al., 2020), reporting increased H2S vis-à-vis CH4 in the rumen liquid. In addition, an in vitro culturing system was found to reduce CH4 in methionine addition more than in the control group (Abbasi et al., 2019; Hassan et al., 2021). This observation was supported by a negative correlation between concentrations of methanogens, dCH4, and dH2 with dH2S, both in the foregut and hindgut contents in the current study.

The gut microbiome is a complex ecosystem of bacteria, methanogens, archaea, fungi, and protozoa, and bacteriophages, which interact with each other and their host (Goodman and Gordon, 2010; Minot et al., 2011). Understanding of their composition, association with their metabolome, and ecological role gives insight into how to improve nutrient utilization efficiencies and health and reduce the carbon footprint of ruminants. The significant associations with microbes and their metabolites suggest that the microbiome plays a significant role in the fermentation of amino acids to ammonia, VFA, CO2, CH4, and H2 for microbial protein synthesis in the gut regions of ruminants. In the current study, in response to amino acid supplement, we observed increased copies of 16S rRNA methanogens, bacteria, and 18S rRNA protozoa, fungi, and fiber utilizing bacteria species in the particles associated with liquid fractions in the foregut and hindgut, with a notable greatest value in the foregut. In addition, regardless of the amino acid supplements and sampling fraction, gut regions significantly increased total microbial populations of methanogens, bacteria, protozoa, fungi, as well as starch and fiber, utilizing bacteria species in the order of foregut > hindgut > small intestine. The decreased copies of these microbiomes could be caused by less digestible matters and a slower fermentation rate in the small intestine than in the foregut and hindgut regions. Similarly, previous studies have reported lower total gene copies of protozoa, methanogens, bacteria, and fiber degrading bacterial species (F. succinogenes, R. albus, and R. flavefaciens) in the cecal and small intestinal contents vs. ruminal contents (Shinkai and Kobayashi, 2007; Frey et al., 2010; Popova et al., 2013). In addition, increasing copies of these genes were documented in the contents of the rumen, rather than in small and large intestines (Zeng et al., 2015, 2017). These lower populations of these microbiomes in the hindgut and small intestine might be, due to the lower rate and activity of fiber degrading enzymes, than in the foregut. This was in agreement with an earlier study by Bauer et al. (2004) that reported less cellulolytic enzyme activities in the contents of the small and large intestines. This might be related to the correlations observed between microbiota and microbial fermentation metabolites, in the foregut and hindgut of goats, which suggests increased gene copies of total microbiota and functional bacterial species in these gut regions in the current study. For example, the increased populations of fiber degrading bacterial species, both in the foregut and hindgut suggests these microbes are useful for fiber degradation, mainly; in the foregut, and fully undegradable fractions in the hindgut. This is supported by significant correlations between the concentration of metabolome and the associated proliferation of fiber degrading bacterial species, both in the foregut and hindgut, as observed in the current study.

Several studies have described that dietary supplements can influence microbial populations and functional bacterial species in ruminal contents (Thoetkiattikul et al., 2013; Pan et al., 2017; Xue et al., 2018; Teklebrhan et al., 2020). Nevertheless, only a few studies have used amino acid supplements for microbial quantification studies and, most of them are in vitro highlighting increased microbial copy numbers, using methionine than in the control groups. The authors reported that methionine addition can increase the protozoa and R. albus population, both in particles associated and liquid fractions (Abbasi et al., 2019; Hassan et al., 2021). Moreover, Martin et al. (2013) described that methionine supplementation, either alone or in combination, can increase fibrinolytic bacterial species including R. flavefaciens, F. succinogenes, and R. albus. Earlier studies have also reported that ruminal bacteria such as R. amylophilus and Prevotella spp. are actively engaged in protein degradation (Blackburn and Hobson, 1962; Wallace, 1994). These findings were consistent with higher populations of total bacteria, protozoa, methanogens, fungi, and bacterial species in goats fed on the amino acid supplements, rather than in the control of the current study. The increase of these microbiomes in the foregut and hindgut might be caused by the increase of free amino acid availability to microbes, suggesting that elevating microbial protein synthesis, which is essential for microbial growth and associated with increasing gene copies in the foregut, as well as hindgut. Interestingly, nitrogen losses in the feces and urine were similar to the amino acid supplements vs. control (Zhu et al., 2018), implying that free amino acid supplements are not always causing nitrogen waste and excretion, if they are with low total dietary protein (12.69% CP), as in the current study. It is consistent with less nitrogen excretion in the feces and urine, when animals are fed on rations containing low protein 12–18% CP and has no adverse effect on the energy balance of ruminants (Broderick et al., 2008; Agle et al., 2010; Erickson and Klopfenstein, 2010).

Most of the microbial quantification studies use rumen liquid samples. This technique may underestimate the number of microbes that remained attached to fiber particles that could have significantly affected the total microbiota inhabiting the ruminant gut. Similarly, earlier studies have suggested that microorganisms attaching to undigested feed particles account for a significant proportion of total ruminal microorganisms (Merry and McAllan, 1983; Craig et al., 1987a,b) stated that particles associated with microbial organic matter (OM), accounted for 70 to 80% of the total microbial mass in the rumen. A previous study has assessed microbes in the rumen liquid or particles associated fractions (Mullins et al., 2013), reporting that total bacteria, fungi, F. succinogenes, and R. albus populations were higher in the particles associated fractions than in liquid (Mullins et al., 2013). Likewise, in this study, we have investigated the differences in the microbiota of goats fed amino acid in the foregut, small intestine, and hindgut in the particles associated and liquid fractions. The total populations of microbiota and fiber degrading bacterial species of R. albus, F. succinogenes, and, R. flavefaciens were increased in the particles associated, with liquid fractions in the current study. This suggests these bacterial species are predominantly engaged in degrading and fermenting plant fibers, which is in accordance with Flint et al. (2008) and Biddle et al. (2013).



CONCLUSION

The hypothesis of this study is that sulfur amino acids could shift hydrogen toward an alternative sink supported by increased H2S instead of methanogenesis and changed fermentation and microbiota, associated with particles and liquid fractions, both in the foregut and hindgut of goats. Goats fed on Met and Lys either alone or in combination had increased 16S rRNA gene copies of total bacteria, methanogens, and 18S rRNA of protozoa, fungi, and fiber; utilizing bacterial species associated with particles than liquid fractions of those in control. In addition, amino acid supplements increased total bacteria, methanogens, protozoa and fungi populations, fiber, and starch utilizing bacterial species both in the foregut and hindgut compared with the control group. This study suggests that sulfur-containing amino acids shift hydrogen to an alternative hydrogen sink, i.e., H2S, over methanogenesis and modified gut fermentation metabolites, increasing particle-associated microbiota than liquid both in the foregut and hindgut. This study gives insights into the use of sulfur-containing amino acids, as an alternative dietary mitigation strategy of methanogenesis in ruminants, and it underscores the need for related further research on sulfur amino acids, as a potential sink of hydrogen.
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Physically effective neutral detergent fiber (peNDF) is a concept that accounts for the particle length of NDF in diets, sustaining the normal chewing behavior and rumen fermentation of ruminants. Specifically, peNDF>1.18 is the commonest one that is calculated from NDF and the percentage of feed dry matter left on the 1.18, 8.00, and 19.00 mm sieves. This study aimed to investigate the effects of different levels of peNDF>1.18 on the rumen microbiome and its correlation with nutrient digestibility and rumen fermentation in goats. A total of 30 Lezhi black goats were randomized and blocked to five dietary treatments (n = 6). All the diets were identical in composition but varied in hay lengths, leading to the different peNDF>1.18 content of the diets: 32.97, 29.93, 28.14, 26.48, and 24.75%. The results revealed that the nutrient digestibility increased when dietary peNDF>1.18 levels decreased from 32.97% to 28.14%, with the highest digestibility at 28.14% peNDF>1.18 treatment, after which nutrient digestibility decreased with the decreasing of dietary peNDF levels. Ruminal NH3-N concentrations in the 29.93% and 28.14% groups were higher than that in the 24.75% group (p < 0.05). Ruminal microbial protein concentration was the highest in the 32.97% group (p < 0.05). Daily CH4 production in the 32.97% and 24.75% peNDF>1.18 treatments was lower than that in the 26.48% group (p < 0.05) and no differences were observed among other groups. The relative abundance of rumen fungi at the phylum and genus levels and archaea at the species were affected by dietary peNDF>1.18 content. In conclusion, decreasing dietary peNDF>1.18 levels within a certain range can improve nutrient digestibility and change the rumen microbial community structure of goats. Dietary peNDF>1.18 level should be 28.14% (roughage length around 1 cm) among the five levels for 4 months Lezhi black goats with the purpose of optimal nutrient digestibility.
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 goat, peNDF, nutrient digestibility, ruminal fermentation, microbial community


Introduction

Forages comprise more than 40% of the diets for ruminants and are essential to maintain an appropriate rumen function and physiology (Bargo et al., 2002). The high fiber content is the major nutritional difference between forages and concentrates, resulting in a lower energy value of forages. Unlike monogastric animals, the rumen of ruminants is colonized with an abundance of microorganisms, which are capable of converting fiber in feed into available energy for the host. Meanwhile, fiber can stimulate chewing, salivation, rumination, and ruminal motility of ruminants. It also plays an important role in alleviating rumen acidosis, regulating dietary intake, synthesizing milk fat, and promoting the digestion of solid particles in the rumen (Adesogan et al., 2019). Consequently, evaluating and improving the utilization efficiency of dietary fiber is particularly important for the formulation of diets for ruminants.

In order to assess the adequacy of dietary fiber for ruminants, the concept of physically effective neutral detergent fiber (peNDF) was proposed by Mertens (Mertens, 1997) and attracted more and more attention. The peNDF is more efficient to indicate the physical effects of a diet because it incorporates information on particle size and chemical fiber content of the feedstuffs (Zebeli et al., 2012) and reflects the physical characteristics that influence masticatory activity and stimulate stratification of the rumen (Zhao et al., 2011). It seems to be an ideal and versatile method to calculate the peNDF by separating the diet or forage into pellets of various grain sizes using a manually operated Penn State Particle Separator (PSPS). The peNDF content in feedstuffs or forages could be determined by their neutral detergent fiber (NDF) content of them multiplied by the proportion of pellet retained on the 1.18-mm sieve or 8.00-mm sieve, defined as peNDF>1.18 and peNDF>8.00, respectively (Zebeli et al., 2012).

The rumen is a very important digestive organ of ruminants, hosting a large number of microorganisms that can effectively degrade proteins and carbohydrates through fermentation. The efficiency of rumen digestion mainly depends on microorganisms that may be affected by dietary peNDF (Li et al., 2014). It was well documented that increasing the dietary peNDF content resulted in increased time for ruminating and chewing (Yang and Beauchemin, 2007; Zhao et al., 2011; Li et al., 2014). However, the effects of dietary peNDF levels on nutrient digestibility are not consistent in the literature. Several recent studies revealed that the increase of dietary peNDF content could reduce the total tract apparent digestibility of dry matter (DM), crude protein (CP), and NDF in dairy cattle (Soita et al., 2002; Molavian et al., 2020) and lambs (de Paula Carlis et al., 2021). Other studies found that the nutrients digestibility was quadratically related to dietary peNDF content (Zhao et al., 2011; Wang et al., 2017), or not affected by peNDF (Oh et al., 2016; Jang et al., 2017; Kaeokliang et al., 2019; Li et al., 2020). In addition, nutrient digestibility is influenced by the rumen microbiome (Li and Guan, 2017). Previous studies have reported that dietary fiber is an important factor influencing rumen microbial composition, diversity, and microbial metabolites (Billenkamp et al., 2021; Yildirim et al., 2021). But till now, few studies have been conducted concerning the effects of dietary peNDF on rumen microbial community structure and the relationship between rumen microbiota and nutrient digestibility, especially fungi.

The unique rumen structure of ruminants allows goats to effectively utilize some unconventional feed resources such as straw and forage. To make more efficient use of feed resources such as straw, it is crucial to evaluate the nutritional value and its effect on various aspects including nutrient digestibility, rumen fermentation, and rumen microbial communities, which could dramatically influence the production performance and health condition of ruminant (Cao et al., 2021), thereby providing useful information and guidance for improving the production efficiency of goats. We hypothesized that variation in the dietary peNDF levels could affect nutrient digestibility, rumen fermentation, and rumen microbial diversity. The objective of this study was to investigate the effects of dietary peNDF levels on nutrient digestibility, rumen fermentation, and rumen microbial communities of Lezhi black goats, by analyzing the predicted functional differences of different ruminal microorganisms.



Materials and methods


Experimental design, animals

All experimental protocols were approved by the Animal Ethical and Welfare Committee of Animal Nutrition Institute, Sichuan Agricultural University (Approval No.201408-3).

This study was a part of a larger project which aimed to explore the effect of dietary peNDF level on the development of the digestive tract in growing goats. Animal feeding and management were described previously by Xue et al. (2022). In brief, a total of 30 male Lezhi black goats, aged 4.0 ± 0.1 months and weighed 21.42 ± 0.24 kg, were randomly blocked into five treatments, with six replicates per treatment and one goat per replicate. The diet composition and nutrient levels were the same for the five treatments except for the level of peNDF. The diets were formulated according to the nutrient requirements of 20 kg goats with a daily weight gain of 100 g by NRC (2007), and the ingredients and chemical composition as shown in Table 1.


TABLE 1 Ingredients and chemical composition of experimental diet.
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Dietary peNDF levels were controlled by cutting the forage (Leymus chinensis, alfalfa, peanut vine, all of them are hays) at the following lengths with a forage cutter (FS60, Jining Nongfengli Machinery Equipment Co., Ltd., Jining, China): long (7 cm), medium (4 cm), short (1 cm), fine (5 mm sieve), very fine (1 mm sieve). Particle size distribution of forages and mixed diets was determined using the PSPS containing three sieves (19.00, 8.00, and 1.18 mm) and 1 pan (receive particles <1.18 mm), as previously described (Cao et al., 2013). Physically effective factors (pef) for forage and diets are calculated as the sum of DM proportion retained on the sieves, referring to the ability of a specific kind of feed to stimulate animals to chew, which range from 0 to 1.0 (Zebeli et al., 2012). For example, pef>1.18 and pef>8.00 equal to the sum of the DM proportion retained on sieves (19.00, 8.00, and 1.18 mm) and the sum of the DM proportion retained on two sieves (19.00 and 8.00 mm). The value of peNDF in the diet is calculated as follows: peNDF (% of diet) =NDF × pef, where NDF presents the percentage of NDF in the diet (Yang and Beauchemin, 2005). Based on this, peNDF>1.18 and peNDF>8.00 could be calculated as the dietary NDF content multiplied by pef>1.18 and pef>8.00, respectively.

In this study, we distinguished the five treated diets based on the difference in the content of peNDF>1.18, as fed <1.18 mm in length can pass through the rumen to the following digestive tract (Maulfair et al., 2011), while the feed particles retained on the 1.18 mm sieve have high resistance to passing through the rumen, resulting in increased chewing and rumination activities (Poppi et al., 1981). The concentrates and forages were mixed and stirred on a total mixed ration (TMR) machine (Shandong Shengshi Machinery Manufacturing Co., Ltd, Qufu, Shandong) for 2 min before feeding. TMR was supplied to the goats twice daily at 08: 00 and 20: 00 for ad libitum intake (at least 10% orts). Clean water was available ad libitum throughout the study.

All the animals were fed in a single cage for a 30-day formal feeding trial, after a 14-d adaptation period. Total collection of feces was conducted on day 7 of the formal period for six consecutive days till day 12. On days 13 to 28, three goats in each treatment were selected for methane (CH4) measurements in four separate open-circuit respiratory chambers. These goats stayed in chambers for four consecutive days with a 2-day adaptation period and a 2-day sampling and measurement period.



Sample collection

Before feeding on days 7 to 12, total fecal samples were collected by grab sampling two times daily, weighed, and recorded. A 10% aliquot of each fecal sample was removed and immediately stored in a freezer (−20°C) until further analysis. At the end of the feeding trial (day 30), 15 goats (three goats from each treatment) were slaughtered after electric shock and the others were continually kept in pens. Samples of rumen fluid and rumen chyme were collected from rumen immediately after slaughtering. Approximately 50 ml of rumen fluid was collected from each goat by filtering rumen content through four layers of gauze and then divided into two aliquots after pH determination using a PHS-3B acidometer (Shanghai INESA Scientific Instrument Co., Ltd., Shanghai, China). One aliquot was transferred into sterilized tubes and placed in liquid nitrogen as soon as possible and was taken to the laboratory and stored in a refrigerator at −80°C for DNA extraction. Another aliquot was aliquoted and transferred into sterilized tubes and stored at −80°C for chemical assay of volatile fatty acids (VFAs), ammonia nitrogen (N-NH3), and microbial crude protein (MCP) concentrations.



Methane emission measurements

An open-circuit respiratory chamber was used for CH4 measurements, and the CH4 production was calculated as described previously (Aguilera and Prieto, 1986). Three goats in each treatment were selected for CH4 measurements, with one goat in each chamber. The total volume of 6 m3 (2.5 m long, 1.5 m wide, and 1.6 m high) of each chamber was ventilated by suction pumps set a range of 16–20 m3/h, allowing a slight negative pressure within the chambers. Temperature and relative humidity were set at 25 ± 1°C and 60 ± 10% respectively with air conditioning units. The CH4 concentration in the air entering and leaving each individual chamber was measured every 10 minutes by using an MGA3000 Multi-Gas Analyzer (ADC Gas Analysis Ltd., Hoddesdon, United Kingdom). The analyzer was calibrated weekly using oxygen-free nitrogen (zero gas) and a known quantity of CH4 (span gas). The flow measurement systems were checked before and immediately after the experiment by releasing analytical grade CH4 into the chambers, by determining the recovery of CH4. The purpose of the calibrations was to ensure a recovery rate of CH4 at a range of 97 to 103%. The concentration of CH4 was analyzed using gas chromatography. Each chamber contained a feed bin, drinking water container, and separate trays.



Chemical analysis

The contents of DM, organic matter (OM), and crude protein (CP), in feed samples and fecal samples, were analyzed according to AOAC (International, 1990), and the contents of neutral detergent fiber (NDF) and acid detergent fiber (ADF) in these samples were determined according to previously described (Van Soest, 1963). Subsequently, the apparent digestibility of DM, OM, CP, NDF, and ADF were calculated through the formula: apparent nutrient digestibility =100% × [(feed intake × nutrient content in the diet)—(fecal output × nutrient content in the feces)]/ feed intake × nutrient content in the diet (Almeida and Stein, 2010).

The concentration of VFAs in rumen fluid was analyzed with a Varian CP-3800 gas chromatograph (Agilent Technologies, Santa Clara, USA). The thawed rumen fluid samples were centrifuged at 500 × g for 15 min, 0.2 ml of the 25% metaphosphoric acid solution (w/v) and 23.3 μl of the 210 mmol/L crotonic acid solution were added to 1 mL of the supernatant. The mixed solution was incubated at 4°C for 30 min and then centrifuged at 16,000 × g for 10 min to obtain new supernatants. Subsequently, each supernatant sample (0.3 ml) was diluted 4-fold (v/v) with chromatographic grade methanol. In subsequent experiments, 1 μl of the rumen fluid sample was injected using a 50:1 split ratio at 220°C. The chromatographic column was programmed from 100 to 190°C at 20°C/min. Nitrogen was employed as the carrier gas at a constant flow of 1 ml/min. The concentration of NH3-N was measured using UV-3600i Plus spectrophotometrically (Shimadzu, Kyoto, Japan) according to the method described previously (Weatherburn, 1967). Briefly, the thawed samples of the rumen fluid were centrifuged (6,500 × g) at 4°C for 15 min, 2.5 ml of the prepared chromogenic solution (10 g of phenol and 50 mg of sodium nitroprusside to 1 L of solution) and 2 ml of the alkaline hypochlorite (5 g of sodium hydroxide with 50 ml of 5.25% sodium hypochlorite (w/v) per liter of solution) were added to 80 μl of the supernatant. The absorbance was read at the wavelength of 625 nm after the mixed solution was incubated at 37°C for 20 min to calculate the concentration of NH3-N. The microbial protein (MCP) in rumen fluid was obtained by repeated centrifugation as previously reported (Berthiaume et al., 2010) and the concentration of MCP was determined by using bicinchoninic acid (BCA) protein concentration kit (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). In brief, the thawed samples of the rumen fluid were centrifuged at 500 × g and 4°C for 10 min, then the supernatant was centrifuged at 20,000 × g and 4°C for 30 min. The precipitate was washed with deionized water and centrifuged at 20,000 × g and 4°C for 30 min, repeated 3 times. The final pellet was thoroughly diluted with deionized water, and 10 μl of the dilution was blended with 250 μl reaction fluid at 37°C for 30 min. The MCP content could be calculated by measuring the optical density value at 562 nm in a SpectraMax M5 microplate reader (Molecular Devices, Sunnyvale, CA, USA) according to the manufacturer's instructions.



DNA extraction and sequencing

Total DNA was extracted from each sample by using the FastPure® Microbiome DNA Isolation Kit (Tiangen Biotech Co., Ltd., Beijing, China) according to the protocol provided by the manufacturer. The DNA was quantified by using the NanoDrop® ND-2000 micro-spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The integrity of DNA samples was assessed with 0.8% denatured agarose gel electrophoresis. The specific primers with barcode were used to amplify the V4-V5 region of the 16S ribosomal RNA (rRNA) gene of archaea, and the primer sequences were as follows: 519F (5′-CAGCMGCCGCGGTAA-3′) and 976R (5′-CCGGCGTTGAMTCCAATT-3′) (Teske and Sørensen, 2008). Similarly, the sequences of the primers used to amplify the fungal internal transcribed spacer (ITS) 2-rDNA region were as follows: ITS3_KYO2 (5′-GATGAAGAACGYAGYRAA-3′) and ITS4 (5′-TCCTCCGCTTATTGATATGC-3′) (Toju et al., 2012). The amplification was performed by GeneAmp® PCR System 9700 (Applied Biosystems, Inc., Foster City, CA, USA). The amplification conditions of archaea were 94°C for 1 min; 94°C for 20 s, 54°C for 30 s, 72°C for 30 s, repeated for 30 cycles; 72°C for 5 min. The amplification conditions of fungi were 94°C for 1 min; 94°C for 20 s, 48°C for 30 s, 72°C for 30 s, repeated for 30 cycles; 72°C for 5 min. The PCR product of each sample was detected by 2% agarose gel electrophoresis and sent to Rhonin Biotechnology Co., Ltd (Chengdu, China) for high-throughput sequencing analysis on the Illumina HiSeq 2500 (PE250) platform after fluorescent quantization.

The original offline data obtained by sequencing was spliced and filtered to obtain a high-quality target sequence for subsequent analysis. Subsequent bioinformatics operations were completed using Usearch and QIIME4 (Edgar, 2013). Statistics and mapping are mainly done using R5, python, and java. The main steps were as follows: stitching the sequences, distinguishing samples according to barcode, removing the low quality sequences, removing the chimera, clustering the operational taxonomic units (OTUs) at a similarity of 97%, selecting the representative sequence of OTUs, classifying the species using the SILVA ribosomal RNA database (http://www.arb-silva.de/) (Quast et al., 2012) and the UNITE database (https://unite.ut.ee/) (Kõljalg et al., 2013), aligning and filtering the representative sequences and then reconstructing the phylogenetic tree, filtering out the unwanted OTUs and resampling, calculating the abundance at each classification level, analyzing the community composition, analyzing the alpha diversity and beta diversity, differentiating the species, and analyzing the correlation between species and functions. For the functional classification prediction of fungal communities, we used FUNGuild (an open annotation tool for parsing fungal community datasets by ecological guild, https://github.com/UMNFuN/FUNGuild) to parse fungal OTUs into trophic modes and guilds (Toju et al., 2016).



Statistical analysis and calculation

The experimental data in this study were statistically analyzed using one-way analysis of variance (ANOVA) followed by Tukey's post hoc test or Kruskal–Wallis-test with SPSS version 26.0 (SPSS Inc., Chicago, IL, USA). The quadratic regression analysis was used to analyze the relationship between the nutrient digestibility and the level of dietary peNDF.Spearman correlation coefficients (r) and p value were analyzed using the OmicShare tools (a free online platform for data analysis, https://www.omicshare.com/tools) to show correlations between the feed intake, digestibility, rumen fermentation, methane production with the relative abundance of fungi genera and methanogenic species. p < 0.05 was accepted as statistically significant differences. Results are presented as mean and standard error.




Results


Levels of dietary physically effective neutral detergent fiber

As shown in Table 2, the values of pef>8.00 in five treatments could be calculated as 36.97, 22.95, 16.25, 6.27, and 3.12% according to the proportions of the particles retained on 19.00 mm and 8.00 mm sieves; the values of peNDF >8.00 in five treatments could be calculated as 15.86, 9.84, 6.97, 2.69, and 1.34% according to the values of pef>8.00 and the percentage of NDF in the diet (42.89%, Table 1). Similarly, the values of pef>1.18 in five treatments could be calculated as 76.88%, 69.78%, 65.61%, 61.73%, and 57.71% according to the proportions of the particles retained on 19.00, 8.00, and 1.18 mm sieves; the values of peNDF>1.18 in five treatments could be calculated as 32.97%, 29.93%, 28.14%, 26.48%, and 24.75%, respectively.


TABLE 2 Particle size distribution, physical effectiveness factors, and physically effective neutral detergent fiber content of the treatment rations fed to goats (DM basis).
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Apparent digestibility of nutrients

Apparent digestibility of DM, OM, CP, NDF, and ADF varied greatly (p < 0.05) among the treatment groups (Table 3), the highest and the lowest digestibility of those nutrients were observed in the 28.14% and 24.75% peNDF>1.18 treatments, respectively. Regression analysis showed that the digestibility of DM, OM, NDF, and ADF was quadratically correlated with dietary peNDF>1.18 levels (Table 4). It could be calculated that the highest digestibility of DM, OM, NDF, and ADF appeared at dietary peNDF>1.18 levels of 30.25%, 30.18%, 30.36%, and 30.67%.


TABLE 3 Effects of different contents of peNDF>1.18 in diets on apparent nutrient digestibility in goats.

[image: Table 3]


TABLE 4 Regression equations between dietary peNDF>1.18 levels (x) and (y) (n =30, R2> 0.55).
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Ruminal fermentation parameters and methane production

The effects of dietary peNDF>1.18 content on rumen fermentation parameters and methane production are presented in Table 5. Dietary peNDF>1.18 content did not affect ruminal pH and the concentration of VFAs. Ruminal NH3-N concentrations in the 29.93% and 28.14% groups were higher than that in the 24.75% group (p < 0.05). Ruminal MCP concentration was the highest in the 32.97% group (p < 0.05). Daily CH4 production in the 32.97% and 24.75% peNDF>1.18 treatments was lower than that in the 26.48% group (p < 0.05) and no differences were observed among other groups. CH4 production did not differ among the groups when expressed as per unit of DM intake.


TABLE 5 Effects of different contents of peNDF>1.18 in diets on ruminal fermentation characteristics in goats.
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Sequencing data and abundance of archaea

A total of 482,535 effective sequences that met quality control were obtained from the 16S rRNA high-throughput sequencing analysis. Based on 97% sequence similarity from valid sequences, these sequences were completely clustered into 876 OTUs with a mean of 58.4 ± 17.8 (mean ± SD, n = 3) OTUs per sample. The average number of OTUs, Chao1 index, Shannon index, and Simpson index were the highest in the 32.97% peNDF>1.18 treatment (p < 0.05), and the Shannon index and Simpson index were the lowest in the 29.93, 28.14, and 26.48% peNDF>1.18 treatments (Table 6). A total of 44 OTUs were shared across the five treatments, and the number of sequences in shared OTUs accounted for 99.52% of the total effective sequences (Figure 1A).


TABLE 6 Effects of different contents of peNDF>1.18 in diets on rumen microbial OTUs and alpha diversity of goats.
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FIGURE 1
 Venn diagram of the OTUs among the five treatments of archaea (A) and fungi (B). Long: 32.97% peNDF>1.18 treatment; Medium: 29.93% peNDF>1.18 treatment; Short: 28.14% peNDF>1.18 treatment; Fine: 26.48% peNDF>1.18 treatment; Very fine: 24.75% peNDF>1.18 treatment.


The principal co-ordinate analysis (PCoA) was conducted based on Bray-Curtis distance as shown in Figure 2A. Each treatment was evenly distributed among the clusters. All samples tended to cluster together in accordance with their own ratio treatment. These results suggested strong differences in the structure of archaea among the five treatments. Moreover, the samples of 26.48% and 24.75% peNDF>1.18 treatments were clustered in the same area, indicating that the archaeal community structure of the two treatments was more similar to that of other treatments. Similar results appeared in the 29.93% and 28.14% peNDF>1.18 treatments.


[image: Figure 2]
FIGURE 2
 PCoA analysis based on Brary-Curtis distance among the five treatments of archaea (A) and fungi (B). Distances between the samples, based on similarity in OTU composition (OTU similarity ≥97%) calculated with Brary-Curtis distance, were visualized by principal coordinates analysis (PCoA) plots. A greater distance between two samples inferred a lower similarity. The percentage of variation explained by PC1 and PC2 were indicated in the axis.


Only the phylum Euryarchaeota of archaea was identified in all samples in this study. A total of four genera of archaea were identified in all samples, with the largest proportion of Methanobrevibacter accounting for 99.64%, followed by F_Methanomethylophilaceae|g_ Uncultured at 0.25%, Methanosphaera at 0.11% and Candidatus methanomethylophilus at 0.0034% (Figure 3A, Table 7). The relative abundance of Methanobrevibacter was higher in the 26.48% peNDF>1.18 treatment than that in the 24.75% peNDF>1.18 treatment (p < 0.05). The relative abundance of Methanosphaera was higher in the 32.97% and 24.75% peNDF>1.18 treatments than that in the 29.93%, 28.14%, and 26.48% peNDF>1.18 treatments (p < 0.05).


[image: Figure 3]
FIGURE 3
 The histogram of the relative abundance of archaea at genus level (A) and fungi at phylum level (B). Long: 32.97% peNDF>1.18 treatment; Medium: 29.93% peNDF>1.18 treatment; Short: 28.14% peNDF>1.18 treatment; Fine: 26.48% peNDF>1.18 treatment; Very fine: 24.75% peNDF>1.18 treatment.



TABLE 7 Effects of different contents of peNDF>1.18 in diets on rumen archaea abundance in goats.
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The archaea varied greatly with treatments at the species level (Figure 4). The dominant species for methanogenesis was Methanobrevibacter sp. YE315, followed by Methanobrevibacter boviskoreani JH1. The abundance and diversity of archaea are similar between the groups of consecutive peNDF levels, while the 32.97% peNDF>1.18 treatment was quite different from other treatments. The relative abundance of Methanobrevibacter sp. YE315 was lower in the 32.97% peNDF>1.18 treatment than that in other treatments (p < 0.05). The relative abundance of M. boviskoreani JH1 was higher in the 32.97% peNDF>1.18 treatment than that in other treatments (p < 0.05).


[image: Figure 4]
FIGURE 4
 The cluster histogram of methanogen at species level. Long: 32.97% peNDF>1.18 treatment; Medium: 29.93% peNDF>1.18 treatment; Short: 28.14% peNDF>1.18 treatment; Fine: 26.48% peNDF>1.18 treatment; Very fine: 24.75% peNDF>1.18 treatment.




Sequencing data and abundance of fungi

A total of 501,190 valid sequences that met quality control were obtained from the fungal ITS sequencing analysis. Based on 97% sequence similarity from valid sequences, these sequences were completely clustered into 1,013 OTUs with a mean of 301 ± 33.7 (mean ± SD, n = 3) OTUs per sample. The average number of ruminal fungal OTUs was the greatest in the 32.97% peNDF>1.18 treatment (p < 0.05), and the lowest value was observed in the 28.14% peNDF>1.18 and 24.75% peNDF>1.18 treatments (Table 6). Both the Shannon-Wiener index and Simpson index in the 32.97% peNDF>1.18 treatment were higher than that in other treatments, and in the 24.75 % peNDF>1.18 treatment was lower than that in other treatments (p < 0.05). A total of 105 OTUs were shared across the five treatments, and the number of sequences in shared OTUs accounted for 89.78% of the total effective sequences (Figure 1B).

The principal co-ordinate analysis (PCoA) was conducted based on the Euclidean distances between the different treatments, and the results are shown in Figure 2B. Each treatment was evenly distributed among the clusters. All samples tended to cluster together in accordance with their own ration treatment. These results suggested strong differences in the fungal structure among the treatments. Moreover, the samples of 24.75% and 26.48% peNDF>1.18 treatment were clustered in the same area, indicating that the fungal community structure of the two treatments was more similar to that of other treatments.

A total of 10 fungal phyla were identified in all samples, seven of which were shared (Figure 3B). The top four most abundant phyla ranked in descending order were Ascomycota, Mucoromycota, Neocallimastigomycota, and Basidiomycota, accounting for an average of 40.6, 36.8, 14.9, and 5.2% of the total fungi at the phyla level, respectively. In addition to Basidiomycota, the fungal community at the phylum level differed significantly among the treatments (p < 0.05). The relative abundance of Ascomycota was lowest in the 24.75% peNDF>1.18 treatment, followed by the 26.48% peNDF>1.18 treatment (p < 0.05), while the relative abundance of Mucoromycota was lowest in the 24.75% peNDF>1.18 treatment, followed by the 26.48% peNDF>1.18 treatment (p < 0.05). The relative abundance of Neocallimastigomycota and Glomeromycota were higher in the 32.97% peNDF>1.18 treatment than that in other treatments (p < 0.05).

At the genus level, a total of 186 fungal genera were detected, 14 of which were detected in all goats with an average abundance of >1%, including o_GS23|f_uncultured, f_Saccharomycetales_fam_Incertae_sedis|g_uncultured, Candida, f_Neocallimastigaceae|g_uncultured, Neocallimastix, Symbiotaphrina, Orpinomyces, o_Pleosporales|f_uncultured, o_Agaricostilbales|f_uncultured, o_Sebacinales|f_uncultured, f_Phaeosphaeriaceae|g_uncultured, Yarrowia, Aspergillus, p_Ascomycota|c_uncultured (Table 8, Supplementary Figure S1). The top 50 most abundant fungal genera were displayed in heatmap (Supplementary Figure S2). The dominant fungi at the genus level in the rumen of goats were Candida, Neocallimastix, and Orpinomyces, accounting for an average of 8.92% and 5.49% of the total fungi at the genus level, respectively. All the fungi at the genus level differed greatly among the treatments (p < 0.05). The relative abundance of Candida went up at first and then dropped with the decrease of dietary peNDF>1.18 content from 32.97 to 24.75%, and reached the maximum at the content of peNDF>1.18 was 28.1%. The relative abundance of Neocallimastigomycota Neocallimastix was the highest in the 29.93% peNDF>1.18 treatment, followed by the 32.97% peNDF>1.18 treatment.


TABLE 8 Effects of different contents of peNDF>1.18 in diets on rumen fungi abundance in goats.
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Functional prediction of rumen archaea and fungi

The functional information of rumen archaea in each treatment based on the functional prediction of archaea by the Tax4Fun program and the SILVA database is summarized in Table 9. We found that the functional prediction of rumen archaea was significantly affected by dietary peNDF>1.18 levels. The main gene functions of rumen archaea were associated with amino acid metabolism, carbohydrate metabolism, membrane transport, and replication and repair. The functional classification prediction of rumen fungi in each treatment based on the OTU abundance is shown in Table 10. The rumen fungal functional guilds were significantly affected by dietary peNDF>1.18 levels. The trophic mode revealed that the most diverse fungal type was the pathotrophs. Meanwhile, the guild classification implied that the most diverse guilds were animal pathogens.


TABLE 9 Effects of dietary peNDF>1.18 level on the functional prediction of rumen archaea (%).
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TABLE 10 Effects of dietary peNDF>1.18 level on the prediction of rumen fungal functional guilds.
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Correlation analysis

Correlations between microbiome composition and DM intake, digestibility, and rumen fermentation parameters are shown in Figure 5. The DM intake was negatively associated with the relative abundance of s_Methanobrevibacter sp. G16, s_M. boviskoreani JH1 and g_Methanosphaera (r < −0.6 and p < 0.05). The concentration of NH3-N was negatively associated with the relative abundance of s_Haemonchus placei (r < −0.7 and p < 0.05), and it was also positively correlated with the relative abundance of s_Methanobrevibacter sp. YE315 and p_Ascomycota (r > 0.5 and p < 0.05). The concentration of MCP was negatively associated with the relative abundance of p_Mucoromycota (r < −0.6 and p < 0.01), and it was also positively correlated with the relative abundance of p_Neocallimastigomycota and g_Neocallimastix (r > 0.6 and p < 0.05). The daily CH4 production was negatively associated with the relative abundance of s_M. boviskoreani JH1 and s_Methanobrevibacter sp. G16 (r < −0.6 and p < 0.01), and it was also positively correlated with the relative abundance of g_Candida and s_Methanobrevibacter sp. YE315 (r > 0.6 and p < 0.05). The concentration of total VFAs was negatively associated with the species s_M. boviskoreani JH1 (r < −0.5 and p < 0.05). The acetate concentration was negatively associated with the relative abundance of s_M. boviskoreani JH1 (r < −0.6 and p < 0.05). The propionate concentration was negatively associated with the relative abundance of s_M. boviskoreani JH1 and s_Methanobrevibacter sp. G16 (r < −0.5 and p < 0.05). The digestibility of OM was negatively associated with the relative abundance of p_Mucoromycota (r < −0.6 and p < 0.05), while positively associated with the relative abundance of g_Candida and p_Ascomycota (r > 0.6 and p < 0.05). The digestibility of NDF was negatively associated with the relative abundance of p_Mucoromycota (r < −0.6 and p < 0.05), while positively associated with the relative abundance of p_Ascomycota, p_Neocallimastigomycota, and g_Neocallimastix (r > 0.5 and p < 0.05). The digestibility of ADF was negatively associated with the relative abundance of p_Mucoromycota (r < −0.6 and p < 0.05), while positively associated with the relative abundance of p_Ascomycota, p_Neocallimastigomycota, g_Neocallimastix, and g_Candida (r > 0.5 and p < 0.05). The digestibility of DM was negatively associated with the relative abundance of p_Mucoromycota (r < −0.6 and p < 0.01), while positively associated with the relative abundance of p_Ascomycota and g_Candida (r > 0.5 and p < 0.05).


[image: Figure 5]
FIGURE 5
 The correlation of dry matter intake, rumen fermentation parameters and nutrient digestibility with microbial abundance. The colors indicate positive (red, closer to 0.81) or negative (blue, closer to −0.90) correlations.





Discussion


Effects of dietary peNDF on apparent nutrient digestibility

Due to the high forage content in ruminant feed, optimizing forage particle size is a significant feeding strategy to improve forage utilization for ruminants (Tafaj et al., 2005). A suitable particle size would lead to rapid digestion and passage of feed in the rumen, with less stimulation of masticatory activity and rumen contraction (Mertens, 1997). Excessively small or fine particle size would result in a decrease in rumen pH, negatively affecting fiber digestion, feed intake, and feed efficiency (Tafaj et al., 2005). In our recently published study, the feed intake of goats increased first and then decreased with the decrease of dietary peNDF>1.18 content from 33.0 to 24.8% (678 vs. 704 vs. 737 vs. 831 vs. 702 g/day), and reached the maximum at the content of peNDF>1.18 was 26.5% (Xue et al., 2022). The same trend appeared in the apparent digestibility of nutrients in this study, with the highest and the lowest digestibility of DM, OM, CP, NDF, and ADF observed in the 28.14% and 24.75% peNDF>1.18 treatment. It may be that more feed particles smaller than 1.88 mm have a faster passage rate from the rumen to escape rumen fermentation (Poppi et al., 1980), making against the digestion of nutrients, especially for the fiber. Jang et al. (2017) fed three diets with peNDF>1.18 content of 16.22, 23.85, and 21.71%, and found that the total rumen retention and transit time of feed increased with the escalating peNDF>1.18 content in the diet, providing more time for the digestion of nutrients. In addition, the particle size of ruminant feed also affected rumination and chewing behavior (Ramirez Ramirez et al., 2016; Jiang et al., 2019), determining the amount of saliva produced and secreted. Saliva is a buffer for maintaining ruminal pH, and acetate to propionate ratio, providing a stable environment for the fermentability and proper growth of rumen microbes (Banakar et al., 2018). Longer forage particles would be reduced in size during the prolonged chewing process, so as to partially eliminate the influence of particle length (Yang and Beauchemin, 2006c). Since 1.18 mm is considered the critical length for retention of chyme granules in the rumen, stimulating chewing and rumination behavior (Poppi et al., 1980, 1981), the apparent digestibility is poorly different in goats-fed diets with long (7 cm), medium (4 cm), and short (1 cm) forages in this study. Wang et al. (2017) investigated the effect of four dietary peNDF>1.18 levels (from 22.7% to 28.4%) on the nutrient digestibility of heifers and found that the digestibility increased when dietary peNDF>1.18 level increased from 22.7 to 25.9%, which was consistent with the results of this study. However, other studies reported that increasing dietary peNDF content reduced the apparent digestibility of DM, OM, NDF, and ADF (Soita et al., 2002; Yang and Beauchemin, 2006a) or did not affect the apparent digestibility (Park et al., 2014). The discrepancy in these findings may be due to the different ways of changing the content of peNDF and the type of concentrates. Wang et al. (2017) used the same corn grain-based diet and cut different forage lengths to control the peNDF content of the diet. Other studies, however, used barley as the main concentrate (Yang and Beauchemin, 2006a) or no concentrate (Soita et al., 2002) in the diet or adjusted the mixing time of TMR to control the content of dietary peNDF (Park et al., 2014). Fermentability of concentrate is also one of the important factors affecting the digestion of ruminants (Bekele et al., 2010). Compared with corn, the higher fermentability of the grain may be another factor affecting the digestion of nutrition (Yang and Beauchemin, 2006b).

Oh et al. (2016) found that the nutrient digestibility linearly increased with the dietary peNDF>1.18 content in heifers, in which the peNDF>1.18 levels ranged from 27.50 to 30.36%. The wide range of the peNDF>1.18 gradient (24.75–32.97%) in this study was useful in depicting the locus of nutrient digestibility with peNDF>1.18 levels. Regression analysis indicated that the digestibility of all nutrients reached the peak at the dietary peNDF>1.18 level of 30% (Table 4). The nutrient digestibility was quadratically correlated to dietary peNDF>1.18 content, and the inflection point falls in the range from 28.14 to 30.0%. Combining the results from Wang et al. (2017) and Oh et al. (2016), we deduced that the nutrient digestibility of ruminants kept on increasing when dietary peNDF>1.18 levels increased from 22.7 to 30.36%. It is well known that the increase in the residence time of feed in the gastrointestinal tract would improve its digestive efficiency (Shaver et al., 1988; Kaske and Engelhardt, 1990). In addition, the residence time in the gastrointestinal tract of 1.00 mm particles was 22.7 h less than that of 10.00 mm particles (Kaske and Engelhardt, 1990). Combined with the results of nutrient digestibility in this study, proper control of forage length (5.00–10.00 mm) was beneficial to the utilization of nutrients in goats.



Effects of dietary peNDF on characteristics of ruminal fermentation in goats

Rumen pH reflects the balance between the production and absorption of organic acids in the rumen of ruminants. Physically effective fiber is the fraction of feed that stimulates chewing activity and salivary secretion (Mertens, 1997), which is beneficial to neutralizing excess hydrogen ions and therefore helps prevent the reduction of rumen pH. Our results suggested that dietary peNDF>1.18 content has no effect on rumen pH and VFAs concentration in the rumen. This may be due to the stable non-fibrous carbohydrate content across the diets. Although the content of peNDF in the diet is an important factor in maintaining the stability of the rumen environment (Allen, 1997), the rumen pH is more affected by the proportion of non-fiber carbohydrates in the diet, because they are more easily degraded in the rumen (Nasrollahi et al., 2012). Moreover, this study only measured the rumen pH at the time of slaughter before morning feeding and did not observe the dynamic change of rumen pH, all of this may result that no significant difference was observed between the groups.

However, our study found that the concentrates of NH3-N and MCP in the rumen were affected by the dietary peNDF>1.18 content. As the length of the forage particles decreased, the residence and fermentation time of the chyme in the rumen were shortened (Kaske and Engelhardt, 1990), which may be the reason for the low concentration of NH3-N and MCP in very fine treatment (peNDF>1.18 = 24.75%). Rumen NH3-N is an important nitrogen source for rumen microbial growth and microbial protein synthesis (Pisulewski et al., 2010). Wang et al. (2017) found that the ammonia concentration increased significantly with the increase of particle size and dietary peNDF>1.18 content, even though the peNDF>1.18 content in the diet was low (22.7 to 28.4%). In this study, the NH3-N concentration went up at first and then dropped with the decrease of the dietary peNDF>1.18 content from 33.0 to 24.8%, and reached the maximum at the content of peNDF>1.18 was 28.14%. This result is similar to the apparent digestibility of nutrients, with a quadratic linear relationship between rumen NH3-N and dietary peNDF>1.18 content.

Methane is the end-product of the degradation of dietary carbohydrates into VFAs in the rumen (Pinares-Patiño et al., 2007; Hylemon et al., 2018). Earlier studies have reported that CH4 production was positively correlated with the rate of feed degradation in vitro (Wang et al., 2014; Molina-Botero et al., 2020). The methane production in the 24.5% peNDF>1.18 treatment was the lowest in this study, consistent with the results of nutrient digestibility, this reduction might be related to the decrease in feed fermentation rate in the rumen. Furthermore, the variation in daily CH4 production when cattle are fed ad libitum is largely due to the differences in feed intake and feed nutritive value (Johnson and Johnson, 1995). The intake and nutritional value of feed determine the fermentation substrate of rumen microorganisms. A recent meta-analysis demonstrated a strong positive correlation between daily CH4 production and DMI in finishing beef cattle (Smith et al., 2021). Hence, we found that the variation trend of daily CH4 production was consistent with the DMI when goats were fed diets with different levels of peNDF (Xue et al., 2022), while the daily CH4 production per kg DMI was not affected by the dietary peNDF content.



Effects of dietary peNDF level on rumen archaea

Archaea only account for 2–4% of the total rumen microorganisms of ruminants, making it difficult to study the structure and composition of rumen archaea (Lin et al., 1997; Cruz et al., 2016). Furthermore, the strains identified by in vitro culture were short of representation due to the fact that these archaea are strictly anaerobic organisms (Paul et al., 2017). Much more identification efforts are awaited to describe the classification of major archaeal species (Paul et al., 2017). Nevertheless, ruminal archaea are responsible for converting hydrogen and carbon dioxide produced by other fermenting microorganisms to methane, thereby playing a non-negligible role in maintaining rumen metabolism and function (Patra et al., 2017). In the current study, all sequences were clustered into three genera with validly published names and an unknown genus, and nine species with validly published names and two unknown species. Moreover, we found that Methanobacter was the most dominant genus in goat rumen, which is consistent with the previously reported results in buffaloes (Kala et al., 2020), goats (Fliegerova et al., 2021), sheep (McLoughlin et al., 2020), and beef cattle (Paul et al., 2017). The most dominant archaeal species was Methanobrevibacter sp. YE315 and its relative abundance were significantly affected by dietary peNDF content. Unfortunately, we have not found any reports describing the role of Methanobrevibacter sp. YE315. The correlation analysis showed that the daily production of CH4 was positively correlated with the relative abundance of Methanobrevibacter sp. YE315, while negatively correlated with the relative abundances of both Methanobrevibacter sp. G16 and M. boviskoreani JH1. The relationship between methanogenesis and the abundance of methanogens in the rumen has not been unified in the literature. Previous studies suggested that methane production was related to specific methanogens species or to the overall abundance of methanogens (Wallace et al., 2014; Danielsson et al., 2017). However, other reports showed that there was no relationship between methane production and the abundance of methanogens (Shi et al., 2014; Casañas et al., 2015). The current study concluded that the low relative abundance of methanogens in the rumen compared to fungi and bacteria contributes to the low or no correlation with methane production (Janssen and Kirs, 2008).



Effects of dietary peNDF level on rumen fungi

Fungi account for 5–20% of the total microbial mass in the rumen of ruminants (Rezaeian et al., 2004). Fungi produce a large, comprehensive array of enzymes necessary for the digestion of plant material, such as cellulases, xylanases, and other hydrolases (Solomon et al., 2016). Due to the diversity and high activity of these enzymes, rumen fungi play a major role in lignocellulose fermentation (Orpin and Joblin, 1997). An earlier study showed that feeding a high proportion of enriched diets resulted in a significant reduction or even complete disappearance of fungal abundance in the rumen of 80% of lambs, while the fungal structure was restored to stability after feeding Alfalfa hay (Fonty et al., 1987). Another study also showed that increasing the proportion of concentrate in the diet would reduce the total number of rumen fungi in sheep (Faichney et al., 1997). These studies indicated that the composition and structure of rumen fungi were affected by the content of forage (fiber) in the diet. Rumen fungi are closely related to the number of plant substrates in the rumen due to their properties of colonizing fiber granules (Gordon and Phillips, 1998). In addition, it has been reported that fungi play an indispensable role in the degradation of cellulose in the rumen because they can penetrate deeply into plant tissues that are usually inaccessible to bacteria (Bauchop and Mountfort, 1981), which has been confirmed in controlling fungal activity to change the degradation rate of plant cell walls (Lee et al., 2000). Neocalimastigales family members play an important role in degrading the feed materials that has complex structures and are rich in cellulose, enabling the production of hydrogen gas as a substrate for other rumen microorganisms (Boots et al., 2013). The proportion of concentrate in the diet increased from 50 to 90% separated Neocallismastigales assemblies (Boots et al., 2013). In this study, we found that the relative abundance of f_Neocallimastigaceae|g_uncultured was the highest in the 32.97% peNDF>1.88 treatment and the lowest in the 28.14% peNDF>1.88 treatment, indicating that the content of dietary peNDF affected its abundance. Neocallimstixhas was observed to be the dominant fungal genus in the rumen of most ruminants (Kittelmann et al., 2013), which is consistent with the results of the current study. Neocallimastix produces lower amounts of cellulolytic and xylanolytic enzymes than other fungi (e.g., Piromyces) (Teunissen et al., 1992). The content of peNDF in the diet affected the abundance of Neocallimastix in this study. Overall, diet plays an important role in maintaining fungal diversity in the rumen of ruminants. The anaerobic rumen fungal population in the rumen of cattle fed the same growing stage forages was reduced compared with those fed mature forages (Kostyukovsky et al., 1991). Notably, microbes that comprise a larger proportion of the abundance contribute significantly to the function of the rumen microbial ecosystem, and a small subset of microbes in the rumen community may have important, yet unrecognized, ecological functions (Singh et al., 2015).



Effects of dietary peNDF level on microbial functions

In this study, we inferred the function of microorganisms in the rumen of goats by Tax4Fun and FUNGuild. Many genes from rumen microbiota are closely related to nutrient metabolism, and therefore can be used to predict the function of microbial activity in nutrient metabolism (Noecker et al., 2016). The metabolic genes of archaea in the 24.75% peNDF>1.18 treatment is low, suggesting that low peNDF may not be beneficial to the metabolic activities of archaea. The production of methane is also associated with feed intake and rumen passage rate in addition to the abundance or activity of methanogens (Goopy et al., 2014; Fagundes et al., 2020). Both feed intake and rumen passage rate may affect the growth of rumen microbes (including methanogens) because they are related to the microbial energy flux and microbial production time (Satter, 1986; Martínez et al., 2009). The lower DM intake in the 32.97% peNDF>1.88 and 24.75% peNDF>1.88 treatments could result in a decrease in the relative abundance of Methanobrevibacter sp. YE315. The very fine forage particles in the 24.75% peNDF>1.88 treatment could increase the rumen passage rate, thus decreasing the relative abundance of Methanobrevibacter sp. YE315. The functional prediction value of carbohydrate metabolism was observed to be lower in the 32.97% peNDF>1.88 and 24.75% peNDF>1.88 treatments. These results were consistent with the daily production of CH4. On the other hand, archaea in rumen interact with fungi and bacteria (Patra et al., 2017). Although little is known about archaea related to fungi, rumen bacteria and archaea have been confirmed to interact through interspecific hydrogen transfer (Patra et al., 2017). A clear link between rumen fungal abundance and methane production has been demonstrated by experiments in vitro (Newbold et al., 1995; Qin et al., 2012) and in vivo (Schönhusen et al., 2003), implying that there was an association between fungi and archaea.

Based on the mode of nutrient acquisition (trophic mode), fungi can be classified into three main groups (Tedersoo et al., 2014): saprotroph, nutrients derived from degradation of dying host cells; symbiotroph, nutrients derived from exchanging resources with host cells; pathotroph, nutrients derived from harming host cells. Further, in these trophic modes, a total of 12 categories were included as guilds: animal pathogens, arbuscular mycorrhizal fungi, ectomycorrhizal fungi, ericoidmycorrhizal fungi, foliar endophytes, lichenicolous fungi, liche-nized fungi, mycoparasites, plant pathogens, undefined root en-dophytes, undefined saprotrophs, and wood saprotrophs. We found that the guild OUT richness of pathotroph was the lowest in the 28.14% peNDF>1.88 treatment while the highest in the 26.48% peNDF>1.88 treatment, indicating that the dietary peNDF level of 26.48% was unfavorable to the rumen health of the host.




Conclusion

To the best of our knowledge, this report is the first study to investigate the effect of dietary peNDF levels on rumen fungal diversity in goats. In this study, we reduced the content of peNDF>1.18 in diets by reducing the chop length of forages, and found that the community structures of rumen archaea and fungi varied with the levels of dietary peNDF>1.18. Without changing the composition of the diet, appropriately reducing the levels of peNDF>1.18 in the diet contributed to higher nutrient digestibility in goats, whereas excessive crushing resulted in negative effects. The apparent digestibility of nutrients was highest in the 28.14% PeNDF>1.18 treatment, indicating that the nutrient utilization was optimal at this level of peNDF>1.18. Therefore, we recommend that the content of peNDF>1.18 in goat diets should be 28.14% (roughage chopped to 1 cm) to get higher usage of feed. Moreover, whether the level of peNDF in the diets affected the production performance of ruminants, such as milk yield, growth performance, and meat quality, needs to be further studied.
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In this study, lactic acid bacteria strains (HCS-01, HCS-05, HCS-07, HCW-08, and HCW-09) derived from the gastrointestinal tract of Hainan black goat were evaluated for their antioxidant capacity in vitro, and the lactic acid bacteria with strong antioxidant capacity were screened for application to improve the aerobic stability of total mixed ration (TMR). The results showed that all the tested lactic acid bacteria had a certain tolerance to hydrogen peroxide. By comprehensively comparing the scavenging abilities of fermentation supernatants, whole cell bacterial suspensions and cell contents of five lactic acid bacteria strains to 2,2-diphenyl-1-picrylhydrazine (DPPH), hydroxyl radicals and superoxide anions, and their antioxidant enzyme activity, it was found that Lactobacillus fermentum HCS-05 and Lactobacillus plantarum HCW-08 have the strongest comprehensive antioxidant capacity, and their scavenging capacity for various free radicals has reached more than 60%. Using strains HCS-05, HCW-08 and laboratory-preserved Lactobacillus plantarum HDX1 fermented TMR, the fermentation quality and aerobic stability of the feed after 60 days of fermentation were significantly higher than those of the blank treatment group. The effect of mixed strains HCS-05 and HCS-08 for TMR fermentation was the best (P < 0.05). At the same time, the fermentation effect of Lactobacillus plantarum HDX1 on TMR was significantly lower than that of the selected lactic acid bacteria from the gastrointestinal tract of Hainan black goats (P < 0.05). The results show that the test strain can significantly improve the aerobic stability of the fermented feeds.
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Hainan black goat, lactic acid bacteria, antioxidant, total mixed ration, aerobic stability


Introduction

Lactic acid bacteria is a natural antioxidant, and its antioxidant capacity has been proven from multiple perspectives, mainly in scavenging free radicals, regulating antioxidant-related enzymes and the dynamic balance of intestinal microflora (Kullisaar et al., 2002; Zhang et al., 2017; Dowarah et al., 2018). The antioxidant activity of lactic acid bacteria can alleviate the oxidative stress response in the body caused by the imbalance between reactive oxygen species or free radicals and antioxidant defense in the body, and inhibit the aging lesions caused by oxidative damage in the body (Zhang et al., 2013; Chooruk et al., 2017). With the development and application of the antioxidant activity of lactic acid bacteria, the screening of lactic acid bacteria strains with strong antioxidant capacity or specificity has also become particularly important (Ahotupa et al., 1996). Hainan black goat is a ruminant animal with a wide variety of microorganisms in its gastrointestinal tract and rich lactic acid bacteria resources. The lactic acid bacteria screened from the gastrointestinal tract of animals usually have better acid-producing and acid-resisting ability due to their original growth environment, and the ability to adapt to the gastrointestinal tract environment is also stronger.

Total mixed ration (TMR) because of the high water content and the large proportion of silage raw materials, aerobic microorganisms are more active, and the quality stability is usually poor, so it is not suitable for storage (Li et al., 2021). In the process of making and taking silage, there is often the problem of secondary fermentation, which will cause problems and losses in its economic benefits and popularization and application. Improving the aerobic stability of feed has been a point of concern in feed research. Since TMR fermented feed contains more abundant nutrients, the research on its aerobic stability has become particularly important. In order to overcome this problem, some scholars have begun to conduct in-depth research on fermenting TMR to FTMR (Fermented Total Mixed Ration) for long-term storage. Kim et al. (2012) suggested that FTMR had better in vitro rumination characteristics than TMR, and the growth performance and blood characteristics of Hanwoo cattle fed FTMR were also better than TMR and controls; Panyawoot et al. (2022) found that FTMR treated with Lactobacillus casei TH14 had higher apparent nutrient digestibility compared to unfermented TMR, benefiting goat growth without negative effects. This indicates that FTMR is more beneficial to the growth and development of ruminants than TMR and that lactic acid bacteria play a significant positive role in TMR fermentation. Using lactic acid bacteria derived from animals to make special micro-ecological preparations and applying them to the fermentation of feeds eaten by animals may increase the number of beneficial microorganisms in their gastrointestinal flora and become the dominant flora, and at the same time, it also has higher security (Yuan et al., 2015).

In this study, in order to improve the stability of TMR and prolong the storage time, so as to solve the problem of seasonal feed shortage and indirectly promote animal growth and development, the antioxidant properties of lactic acid bacteria derived from the gastrointestinal tract of Hainan black goat were analyzed and its effect on TMR fermentation was studied. This study provides strain resources and practical guidance for optimizing TMR feed fermentation technology and improving the large-scale breeding technology of Hainan black goat.



Materials and methods


Samples and strains

Lactic acid bacteria strains: Lactobacillus plantarum HCS-01, HCS-07, HCW-08, Lactobacillus fermentum HCS-05, Lactobacillus salivarius HCW-09 stored in the laboratory were all derived from the gastrointestinal tract of Hainan black goats; Reyan No. 4 king grass; Refined feed.



Reagents and instruments


Main reagents

2,2-diphenyl-1-picrylhydrazine (DPPH), pyrogallol, ferric chloride, o-phenoline, tris (Tris): Shanghai McLean Biochemical Technology Co., Ltd.; Antibiotic test strips: Beekman Bio; SOD kit, CAT kit, GSH-PX kit: Shanghai Yuanye Biotechnology Co., Ltd.



Main instruments

SW-CJ-17-D ultra-clean workbench: Shanghai Hetai Instrument Co., Ltd.; SPX-250B-Z constant temperature biochemical incubator, D3024 micro high-speed centrifuge: Guilin Instrument Equipment Co., Ltd.; Hettich32R high-speed refrigerated centrifuge: German ZENTRIFMGEN; Synergy LX microplate reader: American BIOTEK.




Methods


Preparation of samples of each component of lactic acid bacteria

The lactic acid bacteria strains to be tested stored in the ultra-low temperature refrigerator at −80°C were activated in MRS liquid medium. MRS liquid medium was inoculated with 2% of the test bacterial solution, and incubated at 37°C under constant temperature for 24 h. The fermentation broth was centrifuged at 10,000 × g (D3024 micro high-speed centrifuge) for 15 min, the supernatant was collected, and filtered with a 0.22 μm microporous membrane filter to obtain the fermentation supernatant; the bacteria were collected, washed with PBS buffer and resuspended to adjust the number of bacteria to 109 CFU/mL to obtain a complete cell bacterial suspension; a part of the bacterial suspension was sonicated in an ice bath, and the supernatant was collected after centrifugation to obtain a cell-free extract, the cell content (Dobrowolski et al., 2012).



Tolerance of lactic acid bacteria to hydrogen peroxide

The test bacterial solution was inoculated in MRS medium supplemented with H2O2 (concentrations of 0.0, 1.0, 2.0, and 3.0 mmol/L) according to 2% of the volume fraction, and cultured at 37°C for 24 h., 12 h and 24 h sampling and measuring its Absorbance (OD = 600) (Amanatidou et al., 2001b).



Determination of free radical scavenging ability of lactic acid bacteria


2,2-Diphenyl-1-picrylhydrazine radical scavenging activity assay

The DPPH radical scavenging activity of lactic acid bacteria was determined by referring to the method in the literature (Rubio et al., 2014), and the DPPH radical scavenging rate was calculated according to the formula:

[image: image]

In the formula: A1 is the absorbance of the sample group; A0 is the absorbance of the blank group; A2 is the absorbance of the control group.



Hydroxyl radical scavenging activity assay

The hydroxyl radical scavenging activity of lactic acid bacteria was determined with reference to the method in the literature (Kuda et al., 2014), and the Hydroxyl radical scavenging rate was calculated according to the formula:

[image: image]

In the formula: A1 is the absorbance of the sample group; A2 is the absorbance of the control group; A3 is the absorbance of the blank group.



Superoxide anion scavenging activity assay

The superoxide anion scavenging activity of lactic acid bacteria was determined with reference to the method of the literature (Chen et al., 2015), and the hydroxyl radical scavenging rate was calculated according to the formula:

[image: image]

In the formula: A1 is the absorbance of the sample group; A2 is the absorbance of the blank group.




Antioxidant enzyme activity of lactic acid bacteria

The activities of catalase (CAT), superoxide dismutase (SOD), and glutathione peroxidase (GSH-PX) in the prepared samples of lactic acid bacteria were measured by using CAT, SOD, and GSH-PX, reagent test kit (Shanghai Yuanye Biotechnology Co., Ltd.).



The effect of lactic acid bacteria fermentation on the aerobic stability of total mixed ration


Fermentation total mixed ration modulation

According to the above identification results of lactic acid bacteria and the analysis of probiotic characteristics, the most suitable strains HCS-05 and HCW-08 for silage fermentation were selected as the biological starter for this TMR silage fermentation test, and the laboratory-preserved strain HDX1 was used as the control starter. The king grass crushed by the pulverizer and the concentrate were mixed at a ratio of 4:6 to form TMR (Somashekaraiah et al., 2019), which was put into silage bags (1,000 g per bag). The prepared TMR were divided into four groups, and the treatments of each group are shown in Table 1. The treated TMR in each group were evacuated and sealed, then placed at room temperature and stored in the dark for 60 days.


TABLE 1    Treatment method of total mixed ration (TMR).
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Determination of total mixed ration nutrients and fermentation quality

Determine the dry matter content (DM), crude protein (CP), and water-soluble carbohydrate (WSC) content of each group of samples after 60 days of fermentation, determination of pH, organic acids and ammonia nitrogen in silage (Nishino et al., 2010).

Referring to the method of Yang et al. (2012), after 60 days of fermentation of TMR silage, samples were taken from the opening of the package, the pH was measured and the microbial growth was analyzed.



Aerobic stability analysis of fermented total mixed ration

After the 60-day fermentation, the silage bags treated in each group were opened and mixed, and then placed openly. Samples were taken on the 0th, 3rd, 6th, 9th, and 12th days, and the pH value and microbial growth were measured. Changes in feed internal temperature during aerobic exposure were detected and recorded using a thermometer and compared to room temperature (Gomes et al., 2021).





Data analysis

Using SPSS 22 and GraphPad Prism 9 for data analysis, using Origin 9.0 for graphing.




Results and discussion


Analysis of tolerance of lactic acid bacteria to hydrogen peroxide

The antioxidant capacity of lactic acid bacteria is a part of all the functional properties of lactic acid bacteria that has always been valued (Rizzello et al., 2017). Hydrogen peroxide is an oxidant with high diffusivity and long acting time. The ability to tolerate hydrogen peroxide is an indicator to evaluate the antioxidant capacity of lactic acid bacteria (Lee et al., 2005).

The growth of lactic acid bacteria in liquid medium supplemented with different concentrations of H2O2 is shown in Figure 1. The growth of 12 h of culture is shown in Figure 1A. The growth of each strain was significantly different under different concentrations of H2O2. With the increase of H2O2 concentration, the growth ability of each strain decreased overall, but the degree of decline was different. When the H2O2 concentration was 0 and 1 mmol/L, most of the strains grew well, and the OD600 was above 1.4, and the growth of HCW-09 was weak; when the H2O2 concentration was 2 and 3 mmol/L, all strains grew The ability of the strains decreased rapidly, and the OD600 were all below 1; when the strains were cultured for 24 h, their growth was basically the same as the change trend with H2O2 concentration at 12 h (Figure 1B). All strains can tolerate the long-term action of H2O2, and HCS-05 and HCS-07 were more tolerant to hydrogen peroxide.
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FIGURE 1
Growth of strains at different concentrations of H2O2. (A) 12 h, (B) 24 h.




Analysis of the free radical scavenging activity of lactic acid bacteria


Analysis of 2,2-diphenyl-1-picrylhydrazine radical scavenging activity

2,2-Diphenyl-1-picrylhydrazine free radicals are an important indicator for evaluating the in vitro antioxidant capacity of substances, and the antioxidant capacity of lactic acid bacteria is positively correlated with the ability to scavenge DPPH free radicals (Liochev, 2013). The DPPH free radical scavenging ability of different components of lactic acid bacteria is shown in Figure 2. The three components of the five lactic acid bacteria all showed a certain DPPH free radical scavenging ability, and the DPPH free radical scavenging rate of the fermentation supernatant was significantly higher than the other two Component (P < 0.05), the scavenging rate of DPPH free radicals in the fermentation supernatant of the five lactic acid bacteria were all above 90%. Among them, the highest scavenging rate of HCS-05 was 98.39%, which may be due to the fact that the fermentation supernatant of lactic acid bacteria contains a large number of active substances such as organic acids with reducing properties produced by lactic acid bacteria during the fermentation process (Zhang et al., 2018); the DPPH free radical scavenging rate of the complete cell suspension of each strain was lower, but significantly higher than that of the cell content (P < 0.05), among which HCW-09 scavenged The highest rate is 12.59%, and the lowest is 9.97% for HCS-07, which may be because Lactobacillus exopolysaccharides with a certain hydrogen-donating ability can be produced on the surface of intact bacterial cells, neutralizing DPPH free radicals through hydrogen atom transfer or electron transfer (Li et al., 2012). The cell contents of lactic acid bacteria showed a lower DPPH free radical scavenging ability, and the scavenging rate ranged from 1.33 to 3.71%.
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FIGURE 2
2,2-Diphenyl-1-picrylhydrazine (DPPH) free radical scavenging ability of lactic acid bacteria. Different lowercase letters indicate significant differences among different components of the same strain (P < 0.05); different capital letters indicate significant differences among the same components of different strains (P < 0.05).




Analysis of hydroxyl radical scavenging activity

Hydroxyl free radicals have a short survival time, but they oxidize proteins and lipids through electron transfer and hydrogen atom abstraction, which are extremely harmful to organisms. The antioxidant capacity of lactic acid bacteria is positively correlated with the hydroxyl radical scavenging ability (Ahotupa et al., 1996). The hydroxyl radical scavenging ability of different components of lactic acid bacteria is shown in Figure 3. The three components of the five lactic acid bacteria all showed a certain hydroxyl radical scavenging ability, and the scavenging ability of different components of most strains was significantly different. The fermentation supernatants of all strains showed good hydroxyl radical scavenging ability, and the scavenging rate ranged from 51.77 to 77.87%. The three strains HCS-07, HCW-08, and HCW-09 had significantly better ability to clear the fermentation supernatant than the other two components (P < 0.05), among which HCS-07 had the highest clearance rate. The complete cell clearance rate of the tested strains ranged from 30.09 to 73.45%, and the complete cell clearance rate of HCS-01 was significantly better than its fermentation supernatant and cell contents (P < 0.05); the complete cell clearance rate of strain HCS-05 It was the highest among all tested strains, but there was no significant difference in the ability to clear its fermentation supernatant (P > 0.05). The ability of scavenging hydroxyl radicals in the cell contents of all strains was relatively weak, and the scavenging rate ranged from 2.21 to 4.42%. According to the results, the active substances for scavenging hydroxyl radicals of various strains generally exist in the fermentation supernatant of lactic acid bacteria, and the cell surfaces of some strains also have the ability to scavenge hydroxyl radicals, but its activity is weak.


[image: image]

FIGURE 3
Hydroxyl radical scavenging ability of lactic acid bacteria. Different lowercase letters indicate significant differences among different components of the same strain (P < 0.05); different capital letters indicate significant differences among the same components of different strains (P < 0.05).




Analysis of superoxide anion radical scavenging activity

The direct action of superoxide anion on nucleic acid, protein and other biological macromolecules will cause damage to the cell membrane, and many free radicals in the organism are obtained by the transition of superoxide anion, such as hydroxyl radicals (Virtanen et al., 2007). The hydroxyl radical scavenging ability of different components of lactic acid bacteria is shown in Figure 4. The scavenging ability of superoxide anion radicals in the fermentation supernatant of the same strain was significantly higher than that of the other two components (P < 0.05), and the scavenging rate ranged from 81.13 to 94.34%, among which HCS-01 had the highest scavenging rate; The superoxide anion scavenging rate of intact cells of the tested strains was significantly higher than that of cell contents (P < 0.05), but the overall scavenging ability was not strong, and the scavenging rate ranged from 6.51 to 19.51%; The range is 2.52–6.61%, and the ability to scavenge superoxide anion is weak. According to the results, it can be speculated that the supernatant of lactic acid bacteria fermentation has high activity of scavenging superoxide anion free radicals, and there are only trace amounts of active substances that can scavenge superoxide anion on the cell surface and in the contents. This indicated that the strain produced active substances that could scavenge superoxide anion during the fermentation process.
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FIGURE 4
Superoxide anion free radical scavenging ability of lactic acid bacteria. Different lowercase letters indicate significant differences among different components of the same strain (P < 0.05); different capital letters indicate significant differences among the same components of different strains (P < 0.05).





Analysis of antioxidant enzyme activity of lactic acid bacteria

The antioxidant enzyme activities of the tested lactic acid bacteria are shown in Table 2. Superoxide dismutase (SOD) catalyzes superoxide anion to generate hydrogen peroxide, which can be further decomposed into water and oxygen to protect cells from damage (Amanatidou et al., 2001a). The SOD activities in the fermentation supernatants of each strain were significantly higher than those in the intact cells and cell contents (P < 0.05), and the enzyme activities ranged from 9.10 to 15.49 U/mL. The strain HCS-05 had higher enzyme activity than other strains; Most strains had no significant difference in SOD activity in intact cells and cell contents (P > 0.05), and the enzyme activities ranged from 2.09–3.48 to 1.52–3.54 U/mL, respectively. Among them, Strain HCW-09 had the highest enzymatic activity in intact cells, and strain HCW-08 had the highest enzymatic activity in cell contents.


TABLE 2    Enzyme activity of each component of lactic acid bacteria.

[image: Table 2]

Catalase (CAT) plays an important role in decomposing hydrogen peroxide into water and oxygen in organisms to prevent hydrogen peroxide from causing damage to the body, and also inhibits the further generation of hydrogen peroxide and superoxide anion free radicals (Liochev, 2013). The fermentation supernatants and intact cell bacterial suspensions of the five lactic acid bacteria had no CAT activity, and the cell contents of all tested strains were found to have low CAT activities, ranging from 0.44 to 1.60 U/mL, among which the CAT activity of strain HCW-08 was significantly higher than other strains.

Glutathione peroxidase (GSH-PX) can promote the decomposition of hydrogen peroxide (Kleniewska et al., 2016). GSH-PX activity was not detected in the complete cell suspension of 5 strains of lactic acid bacteria, and its enzyme activity in the fermentation supernatant and the cell content of each strain were also lower, only weak enzymatic activity was detected in the fermentation supernatant of strain HCW-08, HCW-09 and the cellular content of strain HCW-09.

Based on the above results, it is revealed that SOD enzyme was present in the fermentation supernatant, cell surface and cell contents of lactic acid bacteria, and CAT enzyme was weakly present in the cell contents of most lactic acid bacteria and the cell surface of individual lactic acid bacteria, but not in the fermentation supernatant of lactic acid bacteria. Only weak GSH-PX enzyme activity was detected. The results of the analysis indicated that there were significant differences in the activity and localization of antioxidant enzymes among the strains.



Effects of lactic acid bacteria fermentation on aerobic stability of total mixed ration


Analysis of total mixed ration nutrient composition and fermentation quality

The effects of lactic acid bacteria fermentation on the fermentation quality and aerobic stability of silage have been extensively studied before (Yuan et al., 2015; Wang et al., 2020, 2022). The study found that lactic acid bacteria strains with good antioxidant activity can significantly improve the aerobic stability of fermented feeds and prolong the preservation time of feeds (Li et al., 2021).

After 60 days of fermentation, the TMR fermentation quality of each group is shown in Table 3. Group I was treated without lactic acid bacteria, group II was supplemented with heterofermentative lactic acid bacteria strain HCS-05, group III was supplemented with homofermentative lactic acid bacteria strain HCW-08, group IV was supplemented with strain HCS-05 and HCS-08 at 1:1, and group V was supplemented with experiments the lactic acid bacteria strain HDX1 were stored in the room for fermentation.


TABLE 3    Nutrient and fermentation quality of total mixed ration (TMR) after 60 days of fermentation.
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Compared to pre-fermentation TMR, the pH of each treatment group decreased significantly, and the pH of group II, III, IV, and V inoculated with lactic acid bacteria after 60 days of fermentation was significantly lower than that of group I without lactic acid bacteria (P < 0.05). This indicated that the growth and fermentation of lactic acid bacteria produced a large amount of organic acid, which decreased the pH. There was no significant difference in pH between the lactic acid bacteria treatment groups (P > 0.05); the dry matter (DM) and water soluble carbohydrate (WSC) of each treatment group decreased significantly (P < 0.05), the WSC decreased significantly, which may be due to the fact that WSC was used as a carbon source by lactic acid bacteria to multiply during the fermentation process, and the degree of decline also reflected the growth of lactic acid bacteria are not obvious. The ammonia nitrogen content of each treatment group was in the range of 3.16–3.32, with no significant difference, and the fermentation quality was good.

After 60 days of fermentation, the number of lactic acid bacteria in each treatment group increased significantly compared with that before fermentation (P < 0.05), among which group IV was significantly higher than other treatment groups, and each lactic acid bacteria treatment group was significantly higher than the untreated group (P < 0.05); The numbers of yeast and aerobic bacteria in all treatments were significantly lower than the initial value. The number of aerobic bacteria in the lactic acid bacteria-treated group was significantly lower than that in the untreated group (P < 0.05), and the difference in the number of yeasts among the groups was not significant (P > 0.05). Except for a small amount of molds detected in groups I and V, no molds were detected in other groups, and the number of molds in group V was significantly lower than that in group I.



Analysis of aerobic stability of fermented total mixed ration

In this experiment, during the 12 days of FTMR unpacking and aerobic exposure, the effects of different lactic acid bacteria treatments on the aerobic stability of TMR were studied by tracking and monitoring the changes of microorganisms, pH and temperature at each stage. The results are as follows:


Microbial changes following fermented total mixed ration aerobic exposure

The changes in lactic acid bacteria, yeast, aerobic bacteria and mold during FTMR aerobic exposure are shown in Figure 5. The number of lactic acid bacteria decreased with time of aerobic exposure, while yeast, mold, and aerobic bacteria showed an overall upward trend. As shown in Figure 5A, the number of lactic acid bacteria in groups II, III, and IV did not change significantly on the 3rd day of aerobic exposure, began to decline on the 6th day, and decreased significantly on the 9th and 12th days. The number of lactic acid bacteria in group I without lactic acid bacteria treatment was significantly lower than that in the lactic acid bacteria-treated group, and group V was slightly lower than the other three groups. The order of the final number of lactic acid bacteria from high to low was: group IV > group III > group II > Group V > Group I; as shown in Figure 5B, the changes in the number of yeasts in the 5 groups were consistent during aerobic exposure, and on the 3rd and 6th days, the number of yeasts in each group was slightly Overlapping, the final order was: Group I > Group V > Group II > Group III > Group IV; as shown in Figure 5C, the number of aerobic bacteria in all treatments remained unchanged throughout the aerobic exposure stage. Significant growth, the growth trend became larger from the 6th day, and the final number was sorted from high to low as follows: Group I > Group V > Group III > Group II > Group IV; it can be seen from Figure 5D. The mold growth status of each group in the aerobic exposure stage was found. No mold appeared on the 3rd day in groups II and IV, and mold gradually grew after the aerobic exposure in the other three groups. The growth rate of the group on the 9th day was significantly higher than that of the other groups, and the order of the number of molds from high to low after 12 days of aerobic exposure was: group I > group V > group III > group II > group IV. The reason may be that lactic acid bacteria are part-time anaerobic bacteria, which can also grow well under vacuum anaerobic environment, while the growth of yeast and aerobic bacteria is inhibited in this environment, and the TMR sealed fermentation process, lactic acid bacteria multiply to produce a large number of organic acids to reduce the pH of the environment, which also inhibits the growth of many aerobic bacteria and molds (Liu et al., 2011; Yang et al., 2012).
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FIGURE 5
Changes in microbial of fermented total mixed ration (FTMR) during the aerobic period. (A) Lactic acid bacteria, (B) yeasts, (C) aerobic bacteria, and (D) molds.




pH changes following fermented total mixed ration aerobic exposure

The pH changes of FTMR during the aerobic exposure phase are shown in Figure 6. From the 6th day of the aerobic exposure stage, the pH of each treatment group increased significantly. Compared with the other four groups, the pH of the first group increased significantly, and the pH changed rapidly. At the beginning of oxygen exposure, the difference was 0.56; the pH value of group III and group V gradually increased, and the pH value of the 12th day of aerobic exposure was 0.39 and 0.47 at the beginning, 4.49 and 4.70, respectively; the pH of groups II and IV changed slowly, the pH values at the end of aerobic exposure were 4.27 and 4.31, respectively, which were not much different from those at the beginning. The aerobic stability of all groups treated with lactic acid bacteria was significantly better than that of group I without lactic acid bacteria treatment (P < 0.05), and the best aerobic stability was group II, followed by group IV and Group III.
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FIGURE 6
Changes in pH and microbial of fermented total mixed ration (FTMR) during the aerobic period.


By detecting and calculating the difference between the internal temperature and the ambient temperature during aerobic exposure of each treatment, it was found that the stable time of TMR in each group treated with lactic acid bacteria exceeded 228 h, that is, no aerobic spoilage occurred. By comprehensively comparing the microorganisms and pH in the aerobic exposure stage of each treatment group, it can be seen that the lactic acid bacteria treatment has a certain promoting effect on the improvement and improvement of the aerobic stability of FTMR.

The results show that lactic acid bacteria can significantly improve the nutritional quality and fermentation quality of TMR feed, improve its aerobic stability, and delay spoilage. The reason may be that lactic acid bacteria are facultative anaerobic bacteria, which can grow well in a vacuum anaerobic environment, while the growth of yeast and aerobic bacteria is inhibited in this environment, and in the process of TMR sealed fermentation, the reproduction of lactic acid bacteria produces a large of bacteria. Organic acids lower the pH of the environment and also inhibit the growth of many aerobic bacteria and molds. Comparing the fermentation effects of several lactic acid bacteria treatments, it can be found that HCS-05 fermentation and HCS-05 + HCW-08 mixed fermentation have more significant effects on improving the aerobic stability of TMR, which may be due to the fact that HCS-05 is a heterozygous fermentation strain. In addition to a large amount of lactic acid, fermentation products also contain acetic acid and other organic acids. Acetic acid has the effect of inhibiting the growth of yeast (Gomes et al., 2021) and delays the aerobic spoilage of feed. The homofermentative lactic acid bacteria HCW-08 rapidly reproduced and produced a large amount of lactic acid in the early fermentation, and the mixed fermentation with HCS-05 may have a synergistic effect, thereby having a better fermentation effect on TMR feed.






Conclusion

The results of antioxidant test of lactic acid bacteria showed that all tested strains could tolerate certain concentration of hydrogen peroxide, among which strain HCS-05 and HCS-07 had the best tolerance. The combined free radical scavenging ability of fermentation supernatant of the same strain was generally significantly better than its intact cell suspension and cell content (P < 0.05); in terms of antioxidant enzymes of lactic acid bacteria, SOD enzymes were generally present in each of the five lactic acid bacteria In terms of the antioxidant enzymes of Lactobacillus, SOD were generally present in all components of the five lactic acid bacteria, while CAT and GSH-PX were weak in all strains. The strains HCS-05 and HCW-08 were selected as the fermenting strains for the silage experiment because of their strong overall antioxidant capacity.

The results of TMR fermentation experiment showed that lactic acid bacteria could significantly improve the nutritional quality and fermentation quality of TMR, improve its aerobic stability and delay spoilage deterioration. Among them, HCS-05 fermentation and HCS-05 + HCW-08 mixed fermentation were more effective in improving the aerobic stability of TMR. The fermentation effect of the screened Lactobacillus gastrointestinalis on TMR was better than that of common Lactobacillus plantarum, and it has the potential to become a special probiotic for fermented feed for black goats.
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Clostridium butyricum, as a probiotic with a variety of active products, has been widely used to improve the intestinal health of humans and animals. Previous studies had demonstrated that Clostridium butyricum exhibited potential protective and positive effects in human disease research and animal production by producing a variety of beneficial substances, such as intestinal inflammation, the intestinal epithelial barrier, metabolic diseases, and regulation of the gut microbiota. Therefore, we hypothesized that dietary Clostridium butyricum supplementation could improve gut health in fattening goats by modulating gut microbiota. However, it is unclear whether Clostridium butyricum can reach the intestine through the rumen, so 15 healthy Albas goats were selected and randomly divided into 3 treatments with 5 replicates in each group. The groups were divided as follows: control group (CON: basal diet), rumen-protected Clostridium butyricum group (RPCB: basal diet plus 1.0 × 109 CFU/kg Clostridium butyricum coated with hydrogenated fat), and Clostridium butyricum group (CB: basal diet plus 1.0 × 109 CFU/kg Clostridium butyricum). The experiment was slaughtered after a 70-day growth test, and the jejunal mucosa and intestinal contents of the goats were collected to determine tight junction proteins related genes expression and 16S rDNA microbial sequencing analysis to evaluate the intestine health. The results showed that dietary supplementation with Clostridium butyricum significantly increased the expression of the Claudin-4 gene of the jejunal mucosa (P < 0.05) and had a trend toward a significant increase in the Occludin gene (0.05 < P < 0.10). However, Clostridium butyricum had no significant effect on the expression of intestinal inflammatory factors (P > 0.10). In addition, the relative fractionation of Clostridium and Clostridiaceae_unclassified in the gut microbiota at the genus level decreased significantly compared with controls (P < 0.05). The results of the analysis of the level of Clostridium species showed that Clostridium butyricum only existed in the treatment group. And the correlation results showed that Occludin and Claudin-4 genes were positively correlated with Sharppea and Clostridium butyricum, and negatively correlated with Clostridium (P < 0.05). Supplementing Clostridium butyricum in the diet did not significantly affect the intestinal immune function of goats, while regulation of the intestinal microbiota was associated with improving the intestinal epithelial barrier.
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Introduction

Intensive and grazing farming are the main way of feeding goats and sheep in China (Mu et al., 2020), among which high-concentrate fattening is a common production method to meet their energy needs in the short term to improve growth performance (Wang M. et al., 2021), which undoubtedly aggravates the immune pressure and gastrointestinal metabolic load of ruminants (Plaizier et al., 2018). Due to the unique digestive systems of ruminants, many major studies have focused on the effects of high-concentrate diets on rumen fermentation, ruminal acidosis, and their microbial properties and functions. It is well known that the small intestine is the main place for nutrient absorption, and the intestine is closely related to its autoimmune function as the largest immune organ in the body (Chelakkot et al., 2018; Mu et al., 2021). Therefore, paying attention to the intestinal health of goats and sheep during the rapid fattening stage has important implications for their production.

Diarrhea is one of the important reasons affecting the growth and production performance of goats and sheep during intensive and grazing farming (Wang M. et al., 2021). A large number of studies have shown that the impaired intestinal epithelial barrier (Ma et al., 2020), low functional immunity of the gastrointestinal tract (Peng et al., 2021), and intestinal flora disturbance can cause diarrhea of different degrees (Zhang et al., 2021). Diarrhea affects the body’s absorption of small molecular substances and nutritional elements (Esterházy et al., 2019), destroys intestinal homeostasis, and results in severe loss of body fluids (McLamb et al., 2013). The intestinal epithelial barrier is an important line of defense in the body to exert immune function by improving the expression of intestinal epithelial tight junction (TJ) proteins, intestinal epithelial cells’ development, and the mucus layer’s physiological characteristics. Strengthening the intestinal epithelial barrier function can help inhibit intestinal inflammation and the occurrence of diarrhea caused by various factors (Chelakkot et al., 2018). Dietary supplementation with natural active substances (such as plant essential oils, probiotics, and peptides) is a common production method to improve animal gut health and positively impacts growth performance, antioxidant levels, and rumen fermentation (Xie et al., 2020, 2021; Hagihara et al., 2021).

Clostridium butyricum (C. butyricum) is a class of anaerobic probiotics with spores that are resistant to bile salts and gastric acid, and have strong resistance to stress (Hagihara et al., 2020). Its rich metabolites such as butyric acid (Stoeva et al., 2021), digestive enzymes (Zhan et al., 2019), bacteriocin (Wang T. et al., 2021), vitamins, and other nutrients (Araki et al., 2002) have a variety of probiotic functions, including enhancement of intestinal epithelial barrier integrity, anti-inflammatory and modulation of intestinal flora. Previous studies have demonstrated that supplementation with C. butyricum improves gut health and nutrient absorption of humans and livestock (Zhang et al., 2018; Wang et al., 2020; Stoeva et al., 2021). Meanwhile, dietary supplementation with butyrate has also been reported to enhance the regulation of intestinal epithelial barrier, inflammation, and microflora (Bedford and Gong, 2018). However, the regulation of intestinal health and function by C. butyricum in ruminants is rarely reported.

Overall, we hypothesized that C. butyricum could reach the goat intestinal tract through the rumen and had a positive effect. Therefore, the purpose of this experiment was to compare the impact of different forms of C. butyricum on the jejunal TJ proteins expression, anti-inflammatory level and intestinal flora of goats at the same supplementation level, and to evaluate the regulation of C. butyricum on intestinal health of goats.



Materials and methods

The current experimental protocol was approved by the Institutional Animal Care and Use Committee of Northeast Agricultural University (Harbin, China) (protocol number: NEAU- [2011]-9).


Experimental design and animal management

Fifteen good health Albas male goats with 21.9 ± 0.1 kg of body weight (BW) were used. In a randomized trial design, these goats were divided into three treatments (5 goats per treatment). The control (CON) goats were fed a basal diet, rumen-protected C. butyricum (RPCB), and C. butyricum (CB) goats were fed a basal diet with 1 × 109 CFU/kg C. butyricum (C. butyricum was provided by Lvxue Biotechnology Co., Ltd., Hubei, China); having effective colony count ≥ 1 × 109 CFU/g. Rumen-protected C. butyricum was protected by hydrogenated fat, and the effective colony count was the same as C. butyricum. All goats were fed with the concentrate to forage ratio of the experimental diet of 65:35 (forage is a mixture of oat and alfalfa; concentrate was provided by Commercial concentrate Jiuzhou earth feed Co., Ltd. without probiotics, Inner Mongolia, China). Each treatment was fed for 14 days of adaptation, and then all goats were fed for 56 days. Goats were fed twice daily at 06:00 and 18:00. Each goat was arranged in a single pen with free access to fresh water. The ingredient and nutrient composition of diets are shown in Table 1.


TABLE 1    Composition and nutrient levels of diets (DM basis, %).
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Sample collection

After the growth trial, all experimental goats were electrically stunned (200 V applied for 4 s) and slaughtered by exsanguination. Then, the jejunum was collected and washed immediately with PBS buffer. And then, the collected jejunum samples were divided into two parts. The mucosa was scraped off the jejunum with sterile slides and placed in a cryopreservation tube immediately after being frozen in liquid nitrogen and stored in a −80°C refrigerator to be transferred to the laboratory for evaluating the expression of TJ proteins and inflammatory factor. Meanwhile, the contents of the intestine were placed in presterilized cryovials, frozen in liquid nitrogen, and then transferred to the laboratory’s −80°C refrigerator for storage to measure microbial diversity.



Quantitative real-time PCR

Total RNA was extracted from the jejunal mucosa of each goat using an animal tissue total RNA extraction kit (TIANGEN Bio, Beijing, China). Ultra-Micro Spectrophotometer (Implen P330, Munich, Germany) was used to determine RNA concentration and quality. The absorbance ratio of all samples was between 1.8 and 2.2, indicating the high quality of the total RNA extracted. Subsequently, it was reverse transcribed into first-strand cDNA according to the 5X Integrated RT MasterMix kit (DiNing Bio, Beijing, China). The relevant gene expression primers (Table 2) used in this experiment were designed and synthesized by General Biological Co., Ltd. Real-time quantitative PCR was performed using the 2x Fast qPCR Master Mixture kit (DiNing Bio, Beijing, China) with the Quantagene q225MX Real-Time PCR System (KuBo Technology, Beijing, China) according to the manufacturer’s instructions. Each sample was analyzed in triplicate, the mean value of each target gene and β-actin’s Ct-values were calculated, and ΔCt was determined. The 2–ΔΔCt method was used to analyze the relative expression of each target gene.


TABLE 2    Primer sequences, genes targeted and length of quantitative real-time PCR products.
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Microbial composition

DNA from all contents of cecum samples was extracted using the E.Z.N.A.® Stool DNA Kit (D4015, Omega, Inc., USA) according to the manufacturer’s instructions. Nuclear-free water was used for blank. The total DNA was eluted in 50 μL of elution buffer and stored at −80°C until measurement using PCR by LC-Bio Technology Co., Ltd. (Zhejiang, China). Universal primer sequences were designed according to the V3-V4 region of the amplified fragment of 16S rDNA: 341F (5′-CCTACGGGNGGCWGCAG-3′, 805R (5′-GACTACHVGGGTATCTAATCC-3′), each sample barcoded at the 5′ end of the primers, and sequenced the universal primers. PCR amplification was performed in a total volume of 25 μL of reaction mix containing 25 ng of template DNA, 12.5 μL of PCR master mix, 2.5 μL of each primer, and PCR-grade water was added to adjust the volume. PCR conditions for amplifying prokaryotic 16S fragments: initial denaturation at 98°C for 30 s; denaturation at 98°C for 10 s, annealing at 54°C for 30 s, extension at 72°C for 45 s, 32 cycles; and final extension at 72°C for 10 min. Post-PCR products were confirmed by 2% agarose gel electrophoresis. During the entire DNA extraction process, ultrapure water was used instead of sample solution to exclude the possibility of false-positive PCR results as negative controls. Beads (Beckman Coulter Genomics, Danvers, MA, USA) were purified and quantified by Qubit (Invitrogen, USA). Amplicon pools were used for sequencing, and the size and number of amplicon libraries were measured on an Agilent 2100 Bioanalyzer (Agilent, USA) and Illumina (Kapa Biosciences, Woburn, MA, USA) library quantification kits. Libraries were sequenced on the NovaSeq PE250 platform.



Statistical analysis

Data were analyzed using the one-way ANOVA process in SPSS 25 statistical software (SPSS 20.0; SPSS Inc., Chicago, IL, USA) followed by Duncan’s multiple range tests, and the test results were expressed as the mean and standard error of the mean (SEM), where P < 0.05 was considered statistically significant, and 0.05 < P < 0.10 was considered to have a significant trend (Zhou et al., 2019).

16S rDNA sequencing samples were sequenced on the Illumina NovaSeq platform following the manufacturer’s recommendations provided by LC-Bio. Paired-end sequences were assigned to samples based on their unique barcodes, and the barcodes and primer sequences introduced by the library were removed. FLASH was used to merge matching end reads. According to fqtrim (v0.94), the raw read data is quality filtered under specific filtering conditions to obtain high-quality clean labels. Chimeric sequences were filtered using Vsearch software (v2.3.4). DADA2 was used to demodulate to get the feature table and feature sequence. Alpha diversity and beta diversity are calculated by normalizing to the same random sequence. Feature abundances were then normalized using the relative abundance of each sample according to the SILVA (release132) classifier. Alpha diversity is used to analyze the complexity of sample species diversity through 5 metrics, including Chao, Observed species, Goods coverage, Shannon, Simpson, all of which are calculated with QIIME2 in our sample. Beta diversity was calculated by QIIME2 and plotted by the R package. Both the correlation network graph and the correlation heatmap are analyzed through the Spearman correlation matrix, which is also drawn by the R package (v3.6.3). The BLAST was used for sequence alignment, and each representative sequence was annotated with the SILVA database for characteristic sequences. Other graphs are also implemented using the R package (v3.5.2).




Results


Gene expression of tight junction proteins in the jejunal mucosa

Table 3 shows the preliminary analysis results of β-actin (ACTB), Occludin, Claudin-1, Claudin-4, and Zonula occludens-1 (Zo-1) mRNA expression levels in fattening goats. The mRNA expression of Claudin-4 in the jejunal mucosa significantly increased in CB treatment (P < 0.05). In addition, the mRNA expression of Occludin in CB had an upward trend compared to the CON (P < 0.05). However, the expression of ACTB, Claudin-1, and ZO-1 were not markedly different in the treatment group (P > 0.10).


TABLE 3    The mRNA expression of TJ proteins of the jejunal mucosa of goats with diet supplementation with C. butyricum.

[image: Table 3]



Gene expression of inflammatory factors in the jejunal

The results of the expression of TNF-α, IL-1β, IL-6, and IL-10 in the colon of fattening goats are shown in Table 4. The mRNA expressions of TNF-α, IL-1β, IL-6, and IL-10 in the colon were without significant differences in the above treatment groups (P > 0.10).


TABLE 4    The mRNA expression of inflammatory factors of the jejunal of goats with diet supplementation with C. butyricum.
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The content of cecum microbial composition

A total of 1,098,998 effective 16S rDNA sequences were detected in the content of 15 cecum samples. After filtering (proportion of data with data quality ≥ Q20 and Q30 in valid data), the values of all samples were better than 98.2 and 97.4% indicating good sequencing depth for analysis of the content of cecum microbiota. The amount of data measured is within a reasonable range, as shown by the dilution curve in α-diversity (Figures 1A1–A4), but there is no significant difference between them. Common and specific bacteria at the phylum and genus levels are shown in the Venn diagrams (Figures 1B1,B2). The microbiota of the three treatments shared 25 phyla and 274 genera. However, the PCoA and NMDS plots analysis are one of the most commonly used analytical methods of β-diversity performed, and the compositions of cecum microbial were statistically different among the above three treatments (P < 0.05) (Figures 1C1,C2).


[image: image]

FIGURE 1
The α- and β-diversity of fecal bacterial communities in fattening goats fed C. butyricum. Chao 1 (A1), Goods coverage (A2), Shannon (A3), and Simpson (A4) curves of intestine microbiome of fattening goats are shown. Unique and shared intestine feature among CON, RPCB and CB groups shown on Venn diagrams in phylum (B1) and genus (B2) level. Intestine microbial structure among the three groups was estimated by the Principal Coordinate Analysis (C1) and Non-metric Multidimensional Scaling Analysis (C2).


In addition, we analyzed phylum- and genus-level microbiomes to assess their specific composition (Tables 5, 6). The relative abundances of different treatments at different levels are represented by histograms (Figures 2A,B). Bacterial taxa with a relative abundance > 0.1% in more than 3 biological replicates per treatment were considered as identified in the current study. According to the result of phylum, we found that Firmicutes predominated in each treatment. Furthermore, the relative abundance of Verrucomicrobia and unclassified in the RPCB group was significantly higher than in the CON and CB groups (P < 0.05). In addition, Candidatus_Melainabacteria had an increasing trend in the RPCB (0.05 < P < 0.1). The rest did not change significantly. At the genus level, the relative abundance of Clostridium, Clostridiaceae_unclassified, and Parapedobacter were markedly decreased in RPCB and CB compared with CON (P < 0.05). The relative abundance of Rikenellaceae _unclassified and unclassified was significantly increased only in RPCB. Meanwhile, the relative abundances of Akkermansia, Clostridia_unclassified, Candidatus_Melainabacteria_unclassified, and Sporobacter tended to increase compared to the control group (0.05 < P < 0.1). Contrary to this result are Emticicia and Mollicutes_ unclassified (0.05 < P < 0.1). Simultaneously, the Sankey plot shows that the common core bacteria represented mainly came from the Bacteroidetes, Firmicutes, Verrucomicrobia, and unclassified phylum (Figure 2C). Moreover, we also further explored the species level of Clostridium (Table 7). As indicated in the results, the relative fractions of some uncultured and unclassified Clostridium species were significantly reduced (P < 0.05) or tended to decline (0.05 < P < 0.1). There was no significant change in the relative abundance of C. butyricum in each group, and it only existed in RPCB and CB treatments.


TABLE 5    Effects of C. butyricum on the relative abundance (> 0.1%) of gut microbes at the phylum level in goats.
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TABLE 6    Effects of C. butyricum on the relative abundance (> 0.1%) of gut microbes at the genus level in goats.
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FIGURE 2
Stacked bar graph displays a comparison of microbial relative abundance (%) at phylum (A) and genus (B) level among main effects of treatments in intestine of fattening goats. And Sankey plot displays a comparison of microbial relative abundance (%) at genus level (C) among main effects of treatments in intestine of fattening goats. The label CON denotes without prebiotics, the label RPCB denotes rumen-protected C. butyricum, and the label CB denotes C. butyricum for each sample. CON: 0 CFU C. butyricum per kilogram feed, RPCB: 1.0 × 109CFU C. butyricum per kilogram feed, CB: 1.0 × 109CFU C. butyricum per kilogram feed.



TABLE 7    Effects of C. butyricum on the relative abundance (> 0.1%) of gut microbes at the species level (Clostridium species) in goats.

[image: Table 7]

According to the Spearman correlation algorithm, we performed a correlation analysis of gut microbes and mRNAs related to the jejunal mucosal barrier. As the heatmap shows, the mRNA expressions of Occludin and Claudin-4 performed a positive correlation with the Sharpea genus (P < 0.05) (Figure 3A1). In addition, Claudin-4 was strongly positively correlated with C. butyricum (P < 0.01), and Occludin showed a positive correlation with C. butyricum (red in the correlation heatmap) in the species correlation heatmap (Figure 3A2). This suggests that C. butyricum could positively affect the expression of TJ proteins in jejunal mucosal. Meanwhile, we also correlated microbes at the genus and species level (Clostridium). The results in Figure 3 show interactions between core bacteria at different levels through the correlation analysis of the core microbiomes at the genus level and the microbiomes with significant and significant trends. Among them, the centralities of Ruminococaceae_unclassified, Verrucomicrobiaceae_unclassified, and sharpea were the largest, while the centralities of Bifidobacterium, Clodtridiaceae_unclassified, unclassified, Firmicutes_unclassified, and Clostridales_unclassified were in the middle, and the centralities of the rest of the microbiomes were the lowest. Of particular concern, Clostridium was only negatively associated with Sharpea and not with other microbiomes (Figure 3B1). In addition, through the significant species (Clostridium) correlation network analysis, only the Clostridiales_Family_IV._Incertae_Sedis-_unclassified and Closrtidium_sp._Clone-7 were the largest core microbiomes, of which C. butyricum was negatively correlated with Clostridiales_Family_IV._Incertae_Sedis-_unclassified (Figure 3B2).


[image: image]

FIGURE 3
Spearman correlation between intestinal microbiotas and the mRNAs TJ proteins. (A1) Genus correlation heatmap; (A2) species (Clostridium) correlation heatmap; (B1) genus correlation network; (B2) species (Clostridium) correlation network. Red denotes a positive correlation; blue denotes a negative correlation. The color intensity is proportional to the strength of the Spearman correlation. *P ≤ 0.05, **P ≤ 0.01.





Discussion

The current study aimed to describe how dietary supplementation with C. butyricium affects the intestinal tract’s health by adapting the goats’ microbial community. Our previous research indicated that different doses of C. butyricium could modulate beneficial microbial diversity and relative abundance in the rumen and feces of fattening goats (Zhang C. et al., 2022).

The efficient digestion, absorption, and transport of nutrients in the gastrointestinal tract is inseparable from the strong immune function of the intestinal tract, which provides a good guarantee for its metabolism in the body (Penner et al., 2011). Previous studies reported that probiotics such as Bifidobacterium and Lactobacillus colonized the intestinal mucosa of newborn ruminants, inhibited the invasion of harmful bacteria into the intestine, reduced diarrhea in young ruminants, and maintained the homeostasis of the intestinal environment to improve its growth performance (Zhang et al., 2021). In recent years, most studies have reported that C. butyricum could regulate the growth performance of animals by balancing the intestinal micro ecological environment and protecting intestinal epithelial cells through its probiotic metabolites (Wang et al., 2020; Meng et al., 2021; Xu et al., 2021). Cytokines play an important role in improving intestinal immune function. The study by Rakhshandeh and de Lange (2012) reported that pro/anti-inflammatory factors were cytokines released after pathogenic bacteria invaded the body, which was closely related to various metabolic reactions, including changing the digestion and absorption of nutrients to improve immune function. Studies in piglets (Liang et al., 2020), poultry (Xu et al., 2021), mice (Hagihara et al., 2020), and aquaculture (Meng et al., 2021) confirmed that dietary supplementation with C. butyricum could alter anti-inflammatory factors (IL-10) and pro-inflammatory factors (TNF-α, IL-1β, and IL-6, etc.) expressions. However, it was found in this experiment that supplementation with different forms of C. butyricum had no significant effect on the expression of TNF-α, IL-1β, IL-6, and IL-10 in the intestinal tract of goats. This may be related to our previous study that supplementation with C. butyricum failed to alter nutrient metabolism in goats, resulting in no significant changes in daily weight gain and feed efficiency (Zhang C. et al., 2022).

While interestingly, the mRNA expressions of TJ proteins Occludin and Claudin-4 in the jejunal mucosa of goats fed a diet containing C. butyricum showed a significant upward trend and were significantly increased. As an important part of the intestinal barrier, TJ proteins are a multi-molecular complex composed of various transmembrane proteins, including ACTB, ZO-1, Occludin, and Claudin family proteins (Ulluwishewa et al., 2011). The interaction maintains the paracellular permeability, consolidating the intestinal epithelial barrier function and preventing the penetration of antigenic substances such as lipopolysaccharide from harmful bacteria into the intestinal lamina propria, triggering an inflammatory response (Wageha et al., 2017; Stoeva et al., 2021). The results of this study are consistent with the results of Xu et al. (2021) and Li et al. (2021)’s supplementation of C. butyricum could increase the expression of Occludin and Claudin family genes in the intestinal epithelial barrier. Meanwhile, this might explain the lack of significant changes in the expression of jejunal inflammatory factors after C. butyricum supplementation. In addition, Lu et al. (2020) also confirmed in the study of piglets that C. butyricum could significantly upregulate the expression of TJ proteins related genes (ZO-1 and Occludin) in the intestinal epithelial barrier. This was inextricably linked to butyric acid, the main metabolite of C. butyricum. Most studies have shown that butyric acid has a supporting and protective effect on intestinal epithelial cells, which could provide energy for intestinal epithelial cells and contribute to the growth, development, and improvement of function (Hou et al., 2014; Qiao et al., 2015). Zhao et al. (2020) found that oral administration of C. butyricum could improve intestinal mucosal barrier function and reverse intestinal inflammatory damage caused by severe acute pancreatitis and intra-abdominal hypertension by increasing the content of butyric acid and propionic acid in the intestine. In addition, we also learned from Xu et al. (2021) that C. butyricum not only altered its metabolites to affect the intestinal epithelial barrier but also consolidated intestinal barrier function by modulating the gut microflora. This also confirmed previous reports that probiotics could help alleviate the decline of TJ proteins expression caused by various reasons (Chang et al., 2019). However, there were no significant differences in other TJ proteins related genes (ACTB, Claudin-1, and ZO-1) in the current study, which were related to the dynamic properties of TJ proteins in the intestinal barrier, the molecular mechanism and its function in different species role related (Xu et al., 2021).

To explore how C. butyricum affects the gut epithelial barrier and gut microbes, we performed 16S rDNA sequencing. In the current study, by analyzing the gut microbiota of goats in different groups, the results showed that Firmicutes, Bacteroidetes and Verrucomicrobia were the main dominant microbiota in this intestinal segment. Among them, the dietary supplementation with RPCB significantly increased the relative abundance of Verrucomicrobia. This may be due to the synergy of the unclassified phyla whose relative abundances also rose. Previous studies have shown that Verrucomicrobia can play a beneficial role by improving the body’s metabolism or increasing the thickness of the mucus layer (Everard et al., 2013). It was because butyric acid, as one of the products of C. butyricum with other various nutritional products, was positively correlated with the modification of intestinal flora (Zhang Q. et al., 2022). At the genus level, we found significant differences in Clostridium, Unclassified and Clostridiaceae_unclassified. We also found that there were 5 kinds of bacteria with different trends. Surprisingly, supplementation of both forms of C. butyricum in goat diets significantly decreased the relative abundance of C. butyricum in their intestines. Therefore, we further analyzed the species-level Clostridium, and the results showed the relative abundance of Uncultured_Clostridium_sp. and Clostridium_unclassified in the gut of goats was significantly reduced after supplementation with C. butyricum. Because C. butyricum was the research object of this experiment, we paid special attention to it. Although its relative abundance in the intestine was not higher than 0.1% and it only existed in the treatment group, while the relative abundance of C. butyricum equaled 0% in the control group. It was well known that Clostridium also had harmful bacteria detrimental to body health and non-pathogenic microorganisms not classified as competing for nutrients with beneficial bacteria (Amila et al., 2020). Therefore, the significant decrease in the relative abundance of Clostridium as well as the mRNA expressions of TJ proteins ACTB, Claudin-1, and Zo-1 without obvious difference may be related to the decline of pathogenic Clostridium in the gut.

Furthermore, in order to reveal the relationship between the gut microbiota and epithelial barrier function after supplementation with C. butyricum, we analyzed the correlation between the gut microbiota and genes related to the expression of TJ proteins in the jejunal mucosa, as well as the correlation between the flora. A previous study had shown that as one of the main producers of lactic acid in the gastrointestinal tract, Sharpea could synthesize lactic acid by hydrogenating hydrogen ions in the body through its own lactate dehydrogenase (Sandeep et al., 2018). However, since too much lactic acid cannot be accumulated in the intestinal tract, it can be converted into butyric acid by the action of lactic acid utilizing bacteria (Zhu et al., 2020). In the genus level correlation analysis, Sharpea showed a strong positive correlation with the Occludin and Claudin-4 genes that were determined to be significantly expressed. This might be related to the proliferation of Sharpea in cooperation with other butyrate-producing bacteria. Moreover, Clostridium negatively correlated with Occludin and Claudin-4 genes expression, while species (Clostridium) level correlation analysis showed that Occludin was positively correlated with Claudin-4 C. butyricum and negatively correlated with two unidentified Clostridium species. And the Claudin-4 gene showed a strong correlation with C. butyricum. Therefore, this corresponds to our conjecture that supplementation with C. butyricum may reduce the harmful bacteria C. butyricum, and also means that C. butyricum could upregulate the expression of TJ proteins related genes by itself or in coordination with other probiotics (Stoeva et al., 2021).



Conclusion

Dietary supplementation with C. butyricum could enhance the intestinal epithelial barrier function of goats by regulating the relative abundance of beneficial intestinal bacteria, while rumen protection of C. butyricum had no significant effect on the intestinal health of goats. Fortunately, this gives us a research direction. In the future, more molecular techniques and bacterial genomics methods should be combined to reveal the specific mechanism of C. butyricum regulating the intestinal flora of goats.
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Selenium (Se) is an important trace element for all livestock growth. However, little is known about the dietary supplementation of Selenohomolanthionine (SeHLan) effect on growth and rumen microbiota of cashmere goats. In this study, thirty-two growing Shaanbei white cashmere wether goats with mean body weight (26.18 ± 2.71) kg were randomly assigned into 4 treatments, each with 8 replicates. The goats in 4 experimental groups were fed the basal diet (0.016 mg/kg Se) added with organic Se in the form of SeHLan, namely, control group (CG, added 0 mg/kg Se), low Se group (LSE, added 0.3 mg/kg Se), medium Se group (MSE, added 0.6 mg/kg Se), and high Se group (HSE, added 1.2 mg/kg Se). The feed experiment lasted for 70 days including 10-day adaptation, followed by 11 days digestibility trial including 7-day adaptation and 4-day collection period. On the last day of feeding experiment, rumen fluid was collected for microbial community analysis. The feed, orts, and fecal samples were collected for chemical analysis during digestibility trial. The results showed that average daily feed intake (ADFI) and the apparent digestibility of crude protein (CP) were both quadratic ally increased with increased SeHLan supply (Pquadratic < 0.05), while average daily gain (ADG) and feed conversion ratio (FCR) showed a linear response (Plinear < 0.05). The ADFI and ADG were all highest in the MSE group, which also had the lowest FCR (P < 0.05). Alpha diversity indices of the microbial community did not differ among four treatments. While principal coordinates analysis (PCoA) showed that rumen bacterial population differed among four groups. Taxonomic analysis revealed that Bacteroidetes, Firmicutes, and Euryarchaeota were the dominant phyla. The dominant families were Prevotellaceae, Selenomonadaceae, Methanobacteriaceae, and Bifidobacteriaceae. The significantly different rumen bacterial genera were found to be Methanobrevibacter, Quinella, Christensenellaceae_R-7_group, Veillonellaceae_UCG-001, and Succinivibrionaceae_UCG-002 (P < 0.05). In addition, Tax4fun analysis revealed that SeHLan supplemented groups enhanced the enrichment of genes related to energy metabolism, amino acid metabolism, carbohydrate metabolism, and enzymes. Twenty-eight pathways showed significant differences among four treatment groups (P < 0.05). In conclusion, dietary supplementation of medium SeHLan significantly affects rumen bacterial composition and ultimately promotes Shaanbei white cashmere wether goats nutrient digestibility and growth.
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Shaanbei white cashmere goat, Selenohomolanthionine, rumen bacterial communities, nutrient digestibility, growth, high-throughput sequencing


Introduction

Ruminants have a taxonomically diverse microbiota in their rumen, which is the most efficient natural fermentation system. Rumen microorganism are mainly composed of bacteria, fungi, archaea, protozoa, and a small amount of viruses, which are essential for the conversion of plant cell wall and fibrous substances into absorbable compounds such as proteins and volatile fatty acids (VFAs) through the fermentation through rumen microorganisms (Dai et al., 2015). Diets and additives directly affect the number and viability of rumen microorganisms (Zheng et al., 2021). A lot of studies have confirmed that trace elements affect gut health by regulating gut microbiome community structure (Faulkner et al., 2017; Biscarini et al., 2018; Ishaq et al., 2019). Selenium (Se), essential microelement as a component of glutathione peroxidase (GSH-Px), can protect cell membranes from peroxide damage (Cobanova et al., 2017). In addition, Se is also critical for the biosynthesis of coenzyme A/Q, conversion of Thyroxine (T4) to Triiodothyronine (T3), tricarboxylic acid cycle (TCA), and electron transport in the respiratory chain, which will promote improvement in the nutrient digestibility and animal growth performance (Hefnawy et al., 2010).

Supplementation of Se in the diet can effectively improve the antioxidant status of rumen microorganisms, thereby promoting rumen microbial growth and rumen fermentation, improve the apparent digestibility of nutrients, and ultimately promote the animal growth and production (Shi et al., 2011; Wang et al., 2019). Cui et al. (2021) reported that dietary addition of Se-enriched yeast (SeY) can effectively increase the NH3-N, total VFA (TVFA), acetate, butyrate, and propionate concentrations in Tibetan sheep. In addition, dietary SeY supplementation improved the Corriedale lambs ruminal straight-chain and iso-branched-chain VFA (Miltko et al., 2016). Moreover, Wei et al. (2019) found that dietary supplementation of Se promoted rumen fermentation and the apparent digestibility of crude protein (CP), neutral detergent fiber (NDF), and acid detergent fiber (ADF) in dairy cows. It is also reported that adding 0.3 mg/kg of SeY to the diet increased the milk yield of dairy cows (Wang et al., 2009). Alimohamady et al. (2013), Wang et al. (2019) also demonstrated that dietary Se supplementation increased the digestibility of dry matter (DM), OM, CP, NDF, and ADF in lambs. Furthermore, using high-throughput sequencing technology, Cui et al. (2021) found that SeY-supplemented diet significantly affected the relative abundance of Prevotella 1, Rikenellaceae RC9 gut group, Ruminococcus 2, Lachnospiraceae XPB1014 group, Carnobacterium, Hafnia-Obesumbacterium, and KEGG pathways of carbohydrate and amino acids in Tibetan sheep. Zhang et al. (2020) designed primers and performed real-time PCR assay to study the ruminal microbiota in lactation dairy cows; the results showed that sodium selenate-supplemented diet not only increased the abundance of amylolytic bacteria included Ruminococcus and Fibrobacter, but also promoted the activity of cellobiase, carboxymethyl cellulase, xylanase, and protease. Mihaliková et al. (2005) observed that supplementation of Se (sodium selenite or SeY) in diet significantly affected the ruminal ciliate populations of Ophryoscolex and Diploplastron in sheep. Therefore, it was hypothesized that the diet of Shaanbei white cashmere goats supplementation with Se may promote carbohydrate metabolism by altering the rumen microflora, subsequently improving the growth performance of Shaanbei white cashmere goats. However, the effects of supplemented Se on the ruminal symbionts in goats remain poorly characterized. The microbial mechanism underlying the improvement in growth performance of Shaanbei white Cashmere goats supplemented with Se needs to be further studied. To the best of our knowledge, limited study has focused on identifying and understanding the diversity of ruminal microorganism of dietary Se supplementation using high-throughput sequencing technology, and this requires further in-depth research and investigation.

The Shaanbei White Cashmere goat, an important local breed in Northern China, produces both excellent cashmere and high-quality meat, which is bred by the cross of Liaoning Cashmere goat (♀) and Shaanbei Ziwuling Black goat (male). It is well adapted to the harsh natural environments and strong resistance to roughage, cold, sand, and some disease (Liu, 2018). The numbers of Shaanbei White Cashmere goat in Northern China are 10 million and composition of the main source of income for local farmers. In China, 71.6% of the counties and districts are Se-deficient areas and Shaanxi province belongs to the area with Se severe deficiency (the content of forage Se less than 0.05 mg/kg). Studies have shown that the content of Se in the soil of the Shaanbei white cashmere goat feeding area and the Se content in the blood of Shaanbei white cashmere goat are 0.039 mg/kg and 0.020 mg/L, respectively, indicating that the Se contents from soil to forage grass are lower than the recommended level (0.05 mg/kg) (Xiong, 2012). Selenium deficiency often causes white muscle disease, muscle atrophy, and reduce animal production levels (Mehdi and Dufrasne, 2016). Therefore, it is necessary to supplement Se through feed additives for Shaanbei White Cashmere goats. Dietary Se supplementation mainly includes organic forms of Se (SeY, selenomethionine, selenocysteine, Nano-Se, HMSeBA, namely, 2-hydroxy-4-methylselenobutanoic acid, etc.) and inorganic forms of Se (selenite, selenate, selenide, etc.). Compared with inorganic Se, organic Se has low toxicity, high safety, and efficiency, and has been widely used in animal production. Selenohomolanthionine [4,4′-selenobis (2-aminobutanoic acid), SeHLan] is a kind of organic Se which is biosynthesized by Candida utilis with simple metabolic pathway and more efficient synthesis of selenoproteins than selenomethionine (Tsuji et al., 2010). However, as a new type of organic Se, studies on SeHLan in livestock are rarely reported.

Previous studies on the effects of dietary Se supplementation for ruminants mostly focused on its deficiency diseases, immune function, and production performance. However, few studies reported the effects of dietary Se supplementation on the population and structure of ruminant microorganisms. In this study, we evaluated the effects of dietary SeHLan supplementation on growth and bacterial community structure of Shaanbei white cashmere wether goats. The results of this study will broaden our understanding of the effect of Se on rumen bacterial diversity and richness, and provide a scientific basis for determining the appropriate dosage of SeHLan supplementation to improve the health and productivity of Shaanbei white cashmere goats.



Materials and methods


Ethics statement

All animal procedures were approved by the Animal Care and Use Committee of Yulin University (Yulin, China) and were in accordance with the university’s guidelines for animal research (file no.: YLU2021-2).



Animal, diets, and experimental design

Thirty-two Shaanbei white cashmere wether goats with similar body [(26.18 ± 2.71) kg] were selected and randomly assigned into 4 treatment groups with 8 replicates in each group. The basic diet containing 0.016 mg/kg DM Se as control diet (control group, CG) and SeHLan was added to three treatments based on the control diet to make the contents of Se as follows: low Se group (LSE: 0.3 mg/kg DM), medium Se group (MSE: 0.6 mg/kg DM), and high Se group (HSE: 1.2 mg/kg DM). Taking into account the Se contents of the basal diet, the actual Se contents of the four diets were 0.016, 0.316, 0.616, and 1.216 mg/kg DM, respectively. SeHLan was obtained from AB Agri Pumeixin Tech (Jiangxi) Co., Ltd. (Jiangxi, China). Se concentration in basal diet was determined with some modifications (Alonso et al., 2005). In brief, after the samples were digested using microwave digester with 10 mL of concentrated nitric acid and 2 mL of hydrogen peroxide (30%), the mixture was cooled at room temperature and transferred to a volumetric flask (50 mL) until analysis. The Se concentration in digested samples was determined using hydride generation atomic fluorescence spectrometer (AFS9300, FuDa Technology Co., Ltd., Shanghai, China). The basal diet was formulated according to Chinese Feeding Standard of Meat-Producing Sheep and Goats (NY/T 816-2004) with the exception of Se (Table 1).


TABLE 1    The composition and ingredients of the basal diet.

[image: Table 1]

The feeding experiment period lasted for 70 days including 10 days adaptation and 60 days of sampling and data collection period. Four goats were fed in a separate pen, with free access to water, all animals were fed at 09:00 a.m. and 17:00 p.m., and 5% orts were ensured throughout the experiment. During the feeding experiment, the feed offered and refused of goats in each pen were recorded every day to calculate the average daily feed intake (ADFI), and the ADFI was determined as the feed intake/60. The body weight of all goats were measured at beginning and thereafter at every 15 days internals until 60 days of the trial before the morning feeding and the average daily gain (ADG) was calculated. The feed conversion ratio (FCR) was determined as ADG/ADFI during the experimental period. When 70-day feeding experiment was finished, all experimental goats were subjected to an 11-day digestion and metabolism test, and the pretrial and trial lasted for 7 and 4 days, respectively. Each goat was kept in individual homemade metabolic cage where feces were collected using a collector device equipped with a plastic net including an angled ramp. All goats had free access to water throughout the experiment, and diets supplemented with different SeHLan concentrations were provided manually at 09:00 a.m. and 17:00 p.m.



Sample collection

On the last day of feeding trial, 20 mL of rumen fluid were collected from each goats after 2 h morning feeding using an oral stomach tube as described previously (Shen et al., 2012). The first 50 mL of rumen fluids in each sample were discarded to remove the potential saliva contamination. Each rumen content sample was immediately sealed in a centrifuge tube and frozen in liquid nitrogen and then stored at −80°C for bacterial population diversity analysis. During the final 7 days of digestibility trial, 5% of feed, orts, and 10% fecal samples of each goat were collected and measured daily. The feed, orts, and fecal samples were dried at 65°C and ground using small pulverizer to pass through a 1-mm screen, stored at −20°C for further analysis of dry matter (DM), CP, neutral detergent fiber (NDF), and acid detergent fiber (ADF).



Chemical analysis and calculations

The DM content of feed, orts, and feces was determined by drying samples in an oven at 105°C for 24 h, and ash content was determined by incinerating samples at 550°C for 3 h in a muffle furnace. Organic matter (OM) was measured as the difference between DM and ash content. The nitrogen content of the experimental diets, diet refusals, and feces was analyzed with a Hanon K9860 fully Automatic Kjeldahl analyzer produced by Hanon Advanced Technology Group Co., Ltd. (Jinan, China); 6.25 was used as the conversion factor to obtain CP values. The contents of NDF (with heat stable α-amylase) and ADF were determined according to methods described by Van Soest et al. (1991) and the Association of Official Analytical Chemists (method number 973.18 C; Association of Official Analytical Chemists, 1990), respectively. The apparent digestibility of nutrients were calculated using the following equation: Digestibility (%) = [Nutrient intake (g/d)−Fecal output (g/d)]/Nutrient intake (g/d) × 100%.



DNA extraction, PCR amplification, and sequencing

The CTAB/SDS method was used to extract the total genome DNA of all rumen samples. DNA concentration and purity were monitored on 1% agarose gels. According to the concentration, DNA was diluted to 1 ng/μL with sterile water. The V3−V4 hypervariable region of the 16S rRNA gene was amplified with the following primers 341F (5′-CCTAYGGGRBGCASCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′), which have previously been reported to target both bacteria and archaea but with a higher average matching efficiency for bacteria (Berg et al., 2012). All PCR mixtures contained 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs), 0.2 μM of each primer and 10 ng target DNA, and cycling conditions consisted of a first denaturation step at 98°C for 1 min, followed by 30 cycles at 98°C (10 s), 50°C (30 s), and 72°C (30 s) and a final 5 min extension at 72°C. Mix an equal volume of 1X loading buffer (contained SYB green) with PCR products and perform electrophoresis on 2% agarose gel for DNA detection. The PCR products were mixed in equal proportions, and then Qiagen Gel Extraction Kit (Qiagen, Germany) was used to purify the mixed PCR products according to the manufacturer’s instructions. Following manufacturer’s recommendations, sequencing libraries were generated with NEBNext® Ultra™ II DNA Library Prep Kit (Cat No. E7645). The library quality was evaluated on the Qubit@ 2.0 Fluorometer (Thermo Fisher Scientific) and Agilent Bioanalyzer 2100 system. Finally, the library was sequenced on an Illumina NovaSeq platform and 250 bp paired-end reads were generated.



Sequence analysis

The raw 16S rRNA gene sequencing reads were demultiplexed, quality-filtered by fastp version 0.20.0 (Chen et al., 2018), and merged by FLASH version 1.2.7 (Magoè and Salzberg, 2011) with the following criteria: (i) the 300 bp reads were truncated at any site receiving an average quality score of <20 over a 50-bp sliding window, and the truncated reads shorter than 50 bp were discarded, reads containing ambiguous characters were also discarded; (ii) only overlapping sequences longer than 10 bp were assembled according to their overlapped sequence. The maximum mismatch ratio of overlap region is 0.2. Reads that could not be assembled were discarded; (iii) Samples were distinguished according to the barcode and primers, and the sequence direction was adjusted, exact barcode matching, 2 nucleotide mismatch in primer matching. The high-quality clean tag were obtained according to the QIIME 1.9.1 quality controlled process (Bokulich et al., 2013). Sequence analyses was clustered by UPARSE software (V7.0.1001) into operational taxonomic units (OTUs) based on 97% similarity (Edgar, 2013). A representative sequence for each OTU was selected for further annotating the taxonomic information using the Silva Database (Quast et al., 2013) based on the Mothur algorithm (Schloss et al., 2009). Multiple sequence alignment was conducted and normalized using MUSCLE 3.8.31 (Edgar, 2004).

In order to analyze the diversity, richness, and uniformity of the communities in our samples, alpha diversity indices, including Observed_otus, Chao1, Shannon, Simpson, ACE, Good’s coverage and Pielou_e, were all calculated with QIIME (Version 1.9.1) and displayed in R software (Version 2.15.3); principal coordinate analysis (PCoA) was performed to obtain principal coordinates and visualize differences of samples in complex multi-dimensional data based on Bray-Curtis dissimilarity matrices using ade4 package and ggplot2 package in R software (Version 2.15.3). Linear discriminant analysis effect size (LEfSe) with the cutoff of LDA score > 3.0 was performed to find out the biomarkers among four groups using R software (version 2.15.3) with the ggplot package. Furthermore, to study the functions of the communities in the samples and find out the different functions of the communities in the different groups, the Tax4Fun, a software package that predicts the functional capabilities of microbial communities based on 16S rRNA datasets, was used for function annotation analysis. The predicted pathways were identified with the Kyoto Encyclopedia of Genes and Genomes (KEGG) database (Aßhauer et al., 2015). A heatmap of the top 35 most abundant genera predicted KEGG pathways that were constructed using R software (Version 2.15.3) with heatmap package.



Statistical analysis

Statistical analyses were performed using IBM SPSS Statistics 20. The general linear model (GLM) was used to conduct a one-way analysis of variance for the experimental data of the feed intake, weight gain, digestibility, and the α-diversity indices. The model of statistics is as follows: Yi = μ + αi + εi, in which Yi, μ, αi, and εi represented the dependent variable, overall mean, diet effect, and error term, respectively. In this model, diet was considered as a fixed effect, while the animal was considered as a random effect. Linear and quadratic effects were tested using orthogonal polynomial contrasts. The P-values of linear and quadratic effects were reported as Plinear and Pquadratic, respectively. The Kruskal–Wallis rank sum test was used to compare the bacteria relative abundances among the four treatments using IBM SPSS Statistics 20. Significant difference value was set at P < 0.05.




Results


Growth performance and nutrient digestibility

Growth performance and nutrient digestibility are shown in Table 2. ADFI and the apparent digestibility of CP increased in a quadratic manner in response to dietary SeHLan supply (Pquadratic < 0.05). The apparent digestibility of DM, OM, NDF, and ADF was all both linearly and quadratically increased with increasing dietary SeHLan supplementation (Plinear < 0.05, Pquadratic < 0.05), while ADG and FCR showed a linear response (Plinear < 0.05). The ADFI, ADG, and the apparent digestibility of CP were all highest in the MSE group, which also had the lowest FCR (P < 0.05).


TABLE 2    Effects of selenium supplementation on growth performance and nutrient digestibility of Shaanbei white cashmere wether goats.
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Diversity of rumen microbiota

The 16s rRNA gene sequencing experiment of 32 Shaanbei white cashmere wether goats rumen fluid samples produced a total of 1,687,835 high-quality sequences with an average of 52,745 ± 2556 [(mean ± standard error of the mean (SEM), n = 32] per sample. A total of 5,639 OTUs were obtained based on the 97% similarity threshold in the present study. The number of unique OTU in CG, LSE, MSE and HSE groups were 1228 (21.78%), 530 (9.39%), 576 (10.21%), and 458 (8.12%), respectively (Figure 1). The CG group had the highest number of OTUs, and the HSE group had the lowest number of OTUs. 1477 OTUs (52.89% of the total) were shared among four different level SeHLan added groups. The rarefaction curves (Figure 2A) and the Good’s coverage index (Figure 2B) indicated that our sequencing depth is sufficient to contain most of the microbial information and sampling quality met the requirements for sequencing and analysis. Additionally, the species accumulation curves showed that our samples were sufficient for OTUs test and could predict the species richness of samples (Figure 2C). Various alpha-diversity estimators were compared among four treatment groups and it was found that there was no significant difference were observed (P > 0.05, Table 3). The PcoA based on Bray-Curtis dissimilarity matrices suggested an obvious separation of the bacterial communities between CG and other three samples (Figure 2D).
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FIGURE 1
The Venn diagram of the shared and unique OTUs throughout the four different SeHLan added groups. CG, control group; LSE, low Se group; MSE, medium Se group; HSE, high Se group.
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FIGURE 2
The alpha- and beta-diversity among four SeHLan supplemented groups. (A) Rarefaction curves based on V3–V4 of 16S rRNA gene; (B) Good’s coverage index; (C) Species accumulation curves; (D) Principal coordinate analysis (PCoA) plot based on Bray-Curtis distance. CG, control group; LSE, low Se group; MSE, medium Se group; HSE, high Se group.



TABLE 3    Operational taxonomic unit count and α diversity estimation based on the 16S rRNA gene sequencing analysis of the four different treatment groups.
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Taxonomic composition of rumen microbiota

At the taxonomic level, a total of 2 kingdom (Bacteria and Archaea), 42 phylum, 106 class, 216 order, 288 family, and 415 genus were obtained in all samples from our data. The taxonomical composition of the rumen microbiota was investigated by sequencing the V3−V4 region of the 16S rRNA gene on the rumen samples with the results uploaded to the NCBI’s sequence read archive (PRJNA835512).

The dominant bacterial phyla in all four treatment groups include Bacteroidetes and Firmicutes, followed by Euryarchaeota, unidentified_Bacteria, Proteobacteria, Actinobacteriota, and Synergistetes (Figure 3A and Supplementary Table 1). At the family level, Prevotellaceae and Selenomonadaceae were the most highly represented taxa, followed by Methanobacteriaceae, Bifidobacteriaceae, F082, Acidaminococcaceae, Rikenellaceae, Lachnospiraceae, Succinivibrionaceae, Ruminococcaceae, Bacteroidales_RF16_group, and Christensenellaceae (Figure 3B and Supplementary Table 2). At the genus level, among the detected 415 genera, 14 the most abundant genera (average relative abundance of >1% for at least one group) were found in all groups. Three dominant genera (average relative abundance of >5% for at least one group) were Prevotella, Methanobrevibacter, and Quinella in all 4 treatment groups (Figure 3C and Supplementary Table 3).
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FIGURE 3
Rumen bacterial compositional profiles of different SeHLan supplemented groups. Relative abundance of bacterial taxa averaged under phylum level (A), family level (B), and genera level (C). The color-coded bar plot shows the average bacterial phylum, family, and genus distributions level of the different diets sampled. CG, control group; LSE, low Se group; MSE, medium Se group; HSE, high Se group.




Taxonomic differences of rumen microbiota

For variations of the bacterial taxa composition analysis, bacteria with LDA scores greater than 3.0 and P < 0.05 were regarded to have a different abundance and as the biomarkers among four groups with different levels of SeHLan supplementation. Our data showed that twenty-one clades were more abundant in the CG group, five clades were more abundant in the LSE group, three clades were more abundant in the MSE group, and nine clades were more abundant in the HSE group (Figure 4). The Figure 5 depicts the bacterial abundance differences of different level SeHLan supplemented groups. Among them, the most differential bacterial phyla in the rumen of the high-level Se added group (HSE) were Euryarchaeota and Synergistota, while the relative abundance of Actinobacteria, Acidobacteriota, and Actinobacteriota was significantly higher in the rumen of CG group than other three groups which all received SeHLan supplement (LDA > 3.0, P < 0.05). At the family level, 3 taxa, including Methanobacteriaceae, Bifidobacteriaceae, and Synergistaceae, exhibited significantly higher abundance in the rumen of HSE group than other 3 groups (LDA > 3.0, P < 0.05). Desulfovibrionaceae and Selenomonadaceae are the most differential bacterial families in the MSE and LSE groups, respectively (LDA > 3.0, P < 0.05). Six taxa, including Christensenellaceae, Acidothermaceae, Xanthobacteraceae, Alicyclobacillaceae, Bryobacteraceaeand, and PeH15, are the most differential bacterial families in the CG group (LDA > 3.0, P < 0.05). At the genus level, we identified 3 taxa as the most differential bacterial genera in HSE group, which could distinguish HSE group from the other 3 groups and were more abundant in the rumen of HSE group samples, including Methanobrevibacter, Fretibacterium, and Lachnospiraceae_ND3007_group (LDA > 3.0, P < 0.05). We identified 2 taxa as the most differential bacterial genera in MSE group, which could distinguish MSE group from the other 3 groups and were more abundant in the rumen of MSE group samples, including Succinivibrionaceae_UCG_002 and Selenomonas (LDA > 3.0, P < 0.05). Two taxa are the most differential bacterial genera in LSE group, including Quinella and Veillonellaceae_UCG_001 (LDA > 3.0, P < 0.05). Six genera, including unidentified_F082, Christensenellaceae_R_7_group, SP3_e08, Acidothermus, Bryobacter, and Alicyclobacillus, are the most differential bacterial genera in CG group (LDA > 3.0, P < 0.05). The characteristic bacterial genera with the largest abundance in HSE, MSE, LSE, and CON groups were Methanobrevibacter, Succinivibrionaceae_UCG_002, Quinella, and unidentified_F082, respectively.
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FIGURE 4
Cladogram of significantly different taxa identified in the rumen microbiome data sets of different SeHLan supplemented groups based on the cut-off of LDA > 3.0 and P < 0.05. Clades significantly enriched in each cohort are highlighted by the colors shown in the legend. There are six layers from the inside of this plot to the outside, corresponding to six levels of taxonomy (phylum, class, order, family, genus, and species). The nodes (small circle) with different colors represent bacterial biomarkers of in the corresponding groups with the higher abundance compared with that in the other three groups, while yellow nodes indicate the bacteria that are not statistically and biologically differentially abundant among the four groups. CG, control group; LSE, low Se group; MSE, medium Se group; HSE, high Se group.
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FIGURE 5
Histogram of the LDA scores computed for differentially abundant rumen bacteria across four treatment groups. Linear discriminant analysis effect size scores could be interpreted as the degree of difference in relative abundance of the analyzed rumen bacteria communities across four groups. The histogram thus identifies which clades among all those detected as statistically and biologically differentially abundant and could explain the features most likely to explain differences across the groups.


According to a heatmap (Figure 6), construction based on the relative abundances of top 35 genera can be clearly found that the relative abundances of NK4A214_group, Lachnospiraceae_NK3A20_group, Acetitomaculum, Christensenellaceae_R-7_group, Mycoplasma, unidentified_F082, Alloprevotella, Alicyclobacillus, Acidothermus, SP3-e08, and Bryobacter were all higher in the CG group than other three groups which were all SeHLan treatment. However, the relative abundances of Veillonellaceae_UCG-001, Prevotellaceae_UCG-001, Quinella, and Rikenellaceae_RC9_gut_group were correlated positively with the LSE group (low level Se); the abundances of Candidatus_Saccharimonas, Saccharofermentans, Succinivibrionaceae_UCG-002, Succinivibrio, Selenomonas, Butyrivibrio, and Lachnospiraceae_XPB1014_group were correlated positively with the MSE group (medium level Se) and the HSE group (high level Se) correlated positively with the relative abundances of Bifidobacterium, Lachnospiraceae_ND3007_group, Treponema, Succiniclasticum, Prevotellaceae_UCG-003, Ruminococcus, and Methanobrevibacter.
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FIGURE 6
Heatmap analysis of top 35 bacterial genera as determined by the relative abundance of taxonomic genera levels. The vertical axis is sample information, the horizontal axis is species annotation information. On the left is the species clustering tree. The heatmap in the middle corresponds to the standardized Z-score of the relative abundance of each row species.




Prediction of rumen microbiota functional pathways

We further performed functional pathway prediction based on the 16S metagenomic data and discovered several enriched metabolic pathways in the present study. The dominant KEGG pathway-related processes in all four treatment groups include Metabolism (Carbohydrate, Amino acid, Nucleotide, Energy, Glyca biosynthesis, Cofactors, and vitamins), Genetic information processing (Replication and repair, Translation, Folding, sorting, and degradation), Environmental Information Processing (Membrane transport and Signal transduction), and Cellular Processes (Transport and catabolism, Cellular community-prokaryotes). In addition to this, the genes belonging to Organismal Systems and Human Diseases pathways were also predicated (Figure 7).
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FIGURE 7
Tax4Fun predictive analysis of microbial function showing relative abundance of assigned KEGG pathway for the subsystem levels. The X-axis represents the relative abundance of pathways, and the y-axis represents the KEGG term.


For differentially predicted pathway comparison analysis, we made a heatmap based on the top 35 pathway information at KEGG pathway level 2, and the results showed that the abundances of Xenobiotics biodegradation and metabolism, Amino acid metabolism, Metabolism, Poorly characterized, Aging, Metabolism of terpenoids and polyketides, Metabolism of other amino acids, Lipid metabolism, Signal transduction, Cellular community prokaryotes and Energy metabolism were all correlated positively with the HSE group (high level Se); Enzyme families (including peptidases and amino acid related enzymes), Folding sorting and degradation, Endocrine system, Signaling molecules and interaction, Cell growth and death, Nervous system, Glycan biosynthesis and metabolism, and Biosynthesis of other secondary metabolites were correlated positively with the LSE group (low level Se); Carbohydrate metabolism and Endocrine and metabolic diseases were correlated positively with the MSE group (medium level Se) and CG group (control), respectively (Figure 8). To investigate pathways that differ significantly between each two groups, we performed the t-test to analyze the comparison between the four experimental groups at KEGG pathway level 3. Notably, the proportion of predicted pathway of Methane metabolism in HSE was significantly higher than that of MSE and LSE groups, respectively (P < 0.05) (Figure 9). Additionally, the Kruskal−Wallis rank sum test showed that a sum of twenty-eight pathways were significantly different among CG, LSE, MSE, and HSE groups (P < 0.05, Supplementary Table 4).
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FIGURE 8
Heatmap analysis of top 35 predictive functional KEGG pathways as determined by the relative abundance of predictive functional KEGG pathway level 2. The vertical axis is sample information, the horizontal axis is species annotation information. The heatmap in the middle corresponds to the standardized Z-score of the relative abundance of each row functional pathways.
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FIGURE 9
Comparison of the enrichment of KEGG pathway level 3 between LSE and HSE group (A), MSE and HSE group (B).





Discussion

The main objective of this study was to evaluate the effect of dietary addition of SeHLan on the growth performance, nutrient digestibility, and rumen bacterial community composition in Shaanbei white cashmere wether goats. To comprehend this, we conducted 70-day feed experiment and 11-day digestibility trial with different SeHLan supplementation (control, low, medium and high Se concentrations) and the rumen bacterial population was analyzed using the sequence of V3−V4 hypervariable region of 16S rRNA gene. There are many reports that studied the effect of dietary Se supplementation on the growth performance of ruminants, but the results are not consistent. Several research results showed that diet Se supplementation has no significant effect on growth or weight gain in cattle, goats, or sheep. Gunter et al. (2003) reported that supplement of inorganic Se (sodium selenite) and organic Se (SeY) has no effect on growth performance of calves. Similar results were also reported by Chorfi et al. (2011), who reported that dietary Se addition has no effect on the DMI and ADG in heifers. Se affects the growth rates by activating the conversion of tetraiodothyronine (T4) to triiodothyronine (T3) that depends on the enzyme 5-iodothyronine deiodinase (Chadio et al., 2006), which is a Se-dependent selenoprotein, and it is also the last selenoprotein whose activity is affected in the state of Se deficiency (Thompson et al., 1995). This partly explain why Se supplementation has no effect on animal growth performance (body weight, daily gain, and nutrient digestibility). On the other hand, the response to Se supplementation also depends on the different animal species, the form of Se supplementation (different organic or inorganic Se), and the current Se status of livestock (low or sufficient). However, the results are in contrast with the report by Wichtel et al. (1996), who investigated that using intra-ruminal bolus in 5-month calves increased ADG by 20%. Shi et al. (2011), Wang et al. (2019) reported that the sheep diet supplemented nano-Se or SeY could increase DMI and decrease FCR, improve the apparent digestibility of CP, NDF, and ADF. Xun et al. (2012), Taheri et al. (2016) also proved that dietary supplementation with Nano-Se or SeY improved DMI and nutrient digestibility significantly in early lactation of Iranian goats or sheep. Similarly, supplementation of Se to the diet of steers increased their growth rate by 0.041 to 0.060 kg/day (Gleed et al., 1983). Our results are consistent with most reports that dietary Se supplementation could improve animal’s growth performance. FCR and nutrient digestibility are methods to directly assess feed conversion efficiency. The smaller FCR value and higher apparent digestibility of nutrients, including DM, CP, DNF, and ADF, indicating that the higher efficiency of feed conversion and utilization, ultimately promote animal growth and development. In the present study, we found that dietary supplementation of SeHLan could significantly increase digestibility of DM, CP, NDF, and ADF, and the SeHLan addition groups have a lower FCR values, which suggest that SeHLan addition could improve the nutrients utilization, and increase Shaanbei white cashmere goats production. Previous studies have confirmed that dietary addition of nano-Se or SeY significantly increased the growth and activity of rumen bacteria in sheep, thereby improving rumen nutrient digestibility and promoting sheep growth (Wang et al., 2019; Cui et al., 2021). Therefore, we speculate that the addition of SeHLan to the diet changed the structure and function of the rumen bacterial population of Shaanbei white cashmere goats, thereby improving the feed utilization efficiency and promoting production.

We conducted 16s RNA high-throughput sequencing to study the effect of dietary SeHLan supplementation on the structure of rumen microbiome in Shaanbei white cashmere wether goats. The obtained bacteria diversity and richness indices of receiving SeHLan-supplemented goats were all higher than those of control group. However, the α-diversity indices (Observed species, Shannon, Simpson, Chao1, ACE, Good’s coverage, Pielou_e) were not significantly different among four treatment groups, indicating that SeHLan supplementation did not affect the diversity and abundance of rumen bacterial communities of Shaanbei white cashmere wether goats. Studies of growing puppies (Pereira et al., 2020) and Tibetan Sheep (Cui et al., 2021) reported that the alpha-diversity index of the gut and rumen bacterial community, including diversity and abundance, was also not affected by the selenite- or SeY-supplemented diets, those results are consistent with ours.

In the present study, the dominant abundance of bacterial phyla was Bacteroidetes and Firmicutes, followed by Euryarchaeota. However, contrary to our results, Cui et al. (2021) reported that ruminal most abundant phylum was Firmicutes, Bacteroidetes, and Proteobacteria, when SeY added to Tibetan sheep’s diet. The reasons for this may be related to different experimental animals (goats vs. sheep) and different forms of Se supplementation (SeHLan vs. SeY). Bacteroidetes are the Gram-negative anaerobic bacteria and regarded as specialists for the degradation of high-molecular-weight organic matter, i.e., proteins and carbohydrate and well reported for their role in starch, pectin, and xylan digestion (Parmar et al., 2014; Koringa et al., 2019), while Firmicutes for their role in energy utilization (Wu et al., 2011; Chen et al., 2015). In this study, we found that with the increase of dietary SeHLan addition, the relative abundances of Bacteroidetes and Firmicutes were all decreased, and the relative abundances of LSE and MSE groups were all higher than other two groups for those two phyla, while no significant difference was observed (P < 0.05), indicating that the dietary supplementation of lower (LSE) or moderate level SeHLan (MSE) may be more suitable for the survival of the phyla Bacteroidetes and Firmicutes for utilization of nutrients, such as carbohydrates, protein, and energy. Notably, the relative abundances of the phylum Euryarchaeota, family Methanobacteriaceae and genera Methanobrevibacter were all significantly affected by dietary SeHLan supplementation (P < 0.05). The Methanobrevibacter affiliated to the phylum Euryarchaeota, the only known microorganisms capable of methane production, is the main rumen methanogens (Hook et al., 2010). Ruminants produce methane through the rumen normal process of feed anaerobic fermentation and digestion, and large amount of methane is exhaled into the air not only causes global greenhouse gases in the atmosphere but also wastes 2–12% feed-derived energy for livestock (Johnson and Ward, 1996). Previous study on sheep confirmed that the selenate (inorganic Se) diet tended to decrease the concentrations of CH4 and CO2, while the SeY (one kind of organic Se) diet increased concentrations of CH4 and CO2 when compared with the control diet and the selenate (inorganic Se) diet (Miltko et al., 2016), indicating that organic Se and inorganic Se have different effects on the rumen methanogenesis. Furthermore, Pan et al. (2021) reported that CH4 output in the proportions of GE, DE, and ME intake for 6 μg/kg body weight (BW) of Se addition was significantly lower than 0, 3, 9, and 12 μg/kg BW Se supplemented groups. This is consistent with our results that the relative abundance of methanogens (mainly phylum Euryarchaeota, genera Methanobrevibacter belong to family Methanobacteriaceae) in the rumen of HSE and control group (CG) were all significantly higher than that in the LSE and MSE groups. We speculated that high dietary SeHLan supplementation mainly contributed to the ruminal methane production causing feed energy loss, while low and moderate SeHLan supplementation appear to be more beneficial for efficient feed energy utilization. Furthermore, dietary SeHLan supplementation significantly affected the relative abundance of Synergistetes in the rumen of different treatment groups, and the abundance of Synergistetes gradually increased with increasing SeHLan addition. Synergistetes have been found in many anaerobic environments, including the gastrointestinal tract of animals and insects, wastewater treatment systems, soil, oil wells, and so on, and have also been linked to periodontal disease (Hugenholtz et al., 2009). A previous study showed that Synergistetes are anaerobic amino acid degraders, which involved in the utilization and conversion of amino acids in natural anaerobic ecosystems (Godon et al., 2005). Our results imply that Synergistetes are primarily responsible for rumen Se utilization; however, this hypothesis requires further research. In addition, received SeHLan addition groups had lower abundance of Actinobacteria than control group. Actinobacteria are gram-positive, regular, though infrequent, members of the rumen microflora, representing up to 3% of total rumen bacteria (Sulak et al., 2012), and lack of ecological and biological information on rumen actinomycetes. Further studies to investigate the functions of taxa within Actinobacteria in the rumen of goats are required to determine whether these taxon are linked to Se metabolism in ruminants. At the family level, with the increase of dietary SeHLan supplementation level, the relative abundance of Selenomonadaceae and Bifidobacteriaceae significantly increased first and then decreased, whereas the relative abundance of Christensenellaceae significantly decreased first and then increased. Structural changes reported in the taxon Selenomonadaceae and their clinical and physiological significance were rarely studied in ruminants. A previous study showed that kefir, as a probiotic food supplement, consumption significantly increased the relative abundance of the family Selenomonadaceae in dogs (Kim et al., 2019). Bifidobacteriaceae (phylum Actinobacteria) are isolated from various ecological niches, including the gastrointestinal tract of humans and various other mammals, insect gut, oral cavity, and sewage (Kim et al., 2019). As a gut microbiota, Bifidobacteriaceae exhibit probiotic or health-promoting effects on the host, and also affect inflammatory state through alterations in gut microbiota of human (Cruz-Mora et al., 2014). Khiaosa-Ard et al. (2020) reported that the rumen acidotic condition shaping the microbial community and function with the highly abundant families like Bifidobacteriaceae, Lactobacillaceae, and Prevotellaceae thrived under the stress (Khiaosa-Ard et al., 2020). Previous studies showed that the family Christensenellaceae (phylum Firmicutes), as a health-related group, in the human is negatively related to visceral fat mass or host body mass index (BMI) and indicated as a marker of lean phenotype (Goodrich et al., 2014; Beaumont et al., 2016; Waters and Ley, 2019). In this study, we found that supplemented medium SeHLan seems to be more suitable for the growth of Selenomonadaceae and Bifidobacteriaceae, while supplemented high SeHLan suitable for the Christensenellaceae growth. Those results are consistent with the aforementioned experimental results that dietary supplementation of low (LSE) and medium (MSE) SeHLan could effectively increase the body weight, ADG, and improve food conversion ratio of Shaanbei white cashmere wether goats, while high SeHLan (HSE) is not beneficial for cashmere goat growth.

At the genus level, the relative abundances of Methanobrevibacter, Quinella, unidentified_F082, SP3-e08, Christensenellaceae_R-7_group, Veillonellaceae_UCG-001, and Succinivibrionaceae_UCG-002 were all significantly affected by dietary SeHLan supplementation. Quinella has been reported to be the mainly involved degradation of carbohydrates in the rumen and found to possess the metabolism of utilizing lactate similar to Selenomonas ruminantium (Krumholz et al., 1993; Belenguer et al., 2010). Therefore, the higher proportion of Quinella may affect the rumen readily fermented carbohydrates utilization efficiency in Shaanbei white cashmere wether goats. In this feeding experiment, the relative abundances of this genera in SeHLan supplementation groups, including LSE, MSE and HSE, were all significantly higher than that in the control group (CG), and the LSE group had the highest content, indicating that dietary supplementation with SeHLan promoted rumen carbohydrate metabolism in Shaanbei white cashmere wether goats. Christensenellaceae R7 group (family Christensenellaceae) have the capable of secretingα-arabinosidase, β-glucosidase, and β-galactosidase, which promotes degradation of hemicellulose and cellulose, to improve the feed utilization efficiency (Perea et al., 2017). However, the abundance of Christensenellaceae was inversely associated with body weight (Waters and Ley, 2019). In this study, with the increase of dietary SeHLan addition, the relative abundance of Christensenellaceae R7 gradually increased, which was significantly lower than that of the control group. The decreased relative abundance of Christensenellaceae R7 may increase the weight gain of livestock. We speculate that decreased relative abundance of Christensenellaceae R7 may be associated with increased body weight for the Shaanbei white cashmere wether goats. Those results support the hypothesis that dietary SeHLan supplementation reduces the abundance of Christensenellaceae R7, which is beneficial for the growth of Shaanbei white cashmere wether goats. Specifically, dietary supplementation with low or medium level of SeHLan could possibly help promote growth of Shaanbei white cashmere wether goats. However, high amounts of SeHLan supplementation may be disadvantageous in promoting the growth of Shaanbei white cashmere wether goats. Veillonellaceae_UCG-001 belongs to the phylum Firmicutes and has the function of degrading and utilizing cellulose. Chen et al. (2021) reported that supplementation with probiotics (Bacillus licheniformis, Bacillus subtilis, and Lactobacillus plantarum with the ratio of 1:1:0.5) and Chinese medicine polysaccharides (mixture of L. barbarum and A. membranaceus with the ratio of 2:1, contained 114.7 mg/g of polysaccharides) changed the rumen microbial fermentation mode, with the relative abundance of Veillonellaceae_UCG-001 in the probiotics group was increased compared with the control group, and ultimately improved the growth performance of lambs. In the present study, the relative abundance of Veillonellaceae_UCG-001 significantly decreases when fed the diet added SeHLan, indicating that diet supplementation with low and medium SeHLan might improve the cellulose digestion and feed energy utilization efficiency. In terms of relative abundance, the propionate-producing bacteria Succinivibrionaceae UCG-002 is an crucial member of the family Succinivibrionaceae, which compete with methanogens to produce succinate and propionate instead of methane using hydrogen as a substrate, thereby reducing methane emissions and improving feed energy utilization (Pope et al., 2011; Danielsson et al., 2017). Previous researches found that the Succinivibrionaceae_UCG-002 has a positive correlation with rumen TVFA and acetate production in dairy cattle (Hao et al., 2021) or feed efficiency in sheep (Zhang et al., 2021). In our trial, the relative abundance of Succinivibrionaceae_UCG-002 in the SeHLan added groups was significantly higher than control group, and the LSE and MSE groups had the highest abundance of Succinivibrionaceae_UCG-002, while the CG and HSE groups had the lowest abundance of Succinivibrionaceae_UCG-002. This bacterial population changes pattern was in contrary to the aforementioned result that the CG and HSE group had the highest abundance of methanogens (mainly phylum Euryarchaeota, genera Methanobrevibacter belong to family Methanobacteriaceae), while LSE and MSE groups had the lowest abundance of methanogens. We could speculate that low- or medium-level SeHLan addition reduced the rumen methane production and improve feed utilization. However, high-dose SeHLan supplementation increased methane production, which is not conducive to improving animal production. However, the specific mechanism needs to be further explored.

Based on Tax4Fun-predictive analysis of microbial function revealed that several metabolic pathways were enriched in SeHLan supplemented experimental groups, including Xenobiotics biodegradation and metabolism, Amino acid metabolism, Metabolism of terpenoids and polyketides, Metabolism of other amino acids, Lipid metabolism and Energy metabolism were all mostly enriched in the HSE group. Carbohydrate metabolism was mostly enriched in the MSE group, Enzyme families, Folding sorting and degradation, Endocrine system, Signaling molecules and interaction, Cell growth and death, Nervous system, Glycan biosynthesis and metabolism were mostly enriched in the LSE group. Those results suggest that dietary SeHLan supplementation enhanced the enrichment of genes related to energy metabolism, amino acid metabolism, and carbohydrate metabolism, as well as peptidases and amino-acid-related enzymes. The enrichment of these metabolism related pathways might contribute to the growth and weight gain of growth period Shaanbei white cashmere wether goats. These findings are consistent with our aforementioned experimental results that dietary SeHLan supplementation promotes growth performance and improves apparent digestibility of nutrients in Shaanbei white cashmere wether goats. It is worth noting that the significant enrichment of “Methane metabolism” pathway, which belong to the “Energy metabolism,” in the CG and HSE group may be due to the presence of high abundance of major methanogens of phylum Euryarchaeota and genera Methanobrevibacter belong to family Methanobacteriaceae that produce methane. This pathway directly related to methane production when energetically favorable electron acceptors, such as oxygen, nitrate, sulfate, and iron, are absent or depleted, methanogenic archaea ferment organic matter to form methane under anaerobic conditions (Evans et al., 2019). Methane metabolism in Euryarchaeota has been proved to anaerobically produce or consume methane through the key enzymes of methyl-coenzyme M reductase (MCR) complex (Evans et al., 2019). Notably, some human-related metabolic pathways were also identified in this study, which may be due to annotation defects in the KEGG database and/or homology between bacterial and human metabolic pathways. These pathways were not discussed in this study. In addition, SeHLan addition may affect rumen health and animal growth by regulating the interaction among various microorganisms in the rumen and microbial metabolites, but the specific mechanism is still unclear. Therefore, further high-throughput sequencing experiments such as metagenomic, transcriptomics, and metabolomic approach are required to verify the functions and roles of those bacteria enriched in the rumen due to dietary SeHLan supplementation in Shaanbei white cashmere wether goats growth.



Conclusion

This study revealed that dietary addition of SeHLan changed the rumen microbial community structure and exerted a positive effect on the rumen microbial metabolic function of Shaanbei white cashmere wether goats, which finally promoted cashmere goat growth, improved the weight gain and feed utilization efficiency. Many rumen bacterial abundances differed significantly with variations in SeHLan dose, and predictive analysis of microbial function suggested that these microbial communities may have specific functions in rumen metabolism; however, further studies are needed to determine Shaanbei white cashmere goat rumen microbial composition, structure and function using metagenomics, metabolomics, and metatranscriptomics methods. Considering the risk of Se toxicity and the results of this experimental study, we recommend an optimal dietary addition of Se level is 0.6 mg/kg DM with organic Se in the form of SeHLan for the Shaanbei white cashmere goats.
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Background: Livestock is an excellent source of high nutritional value protein for humans; breeding livestock is focused on improving meat productivity and quality. Dorper sheep is a distinguished breed with an excellent growth performance, while Tan sheep is a Chinese local breed famous for its delicious meat. Several studies have demonstrated that the composition of gut microbiome and metabolome modulate host phenotype.

Methods: In the present study, we performed 16S amplicon sequencing and metabolomic analyses of the rumen and hindgut microbiome of 8-month-old Dorper and Tan sheep, raised under identical feeding and management conditions, to explore the potential effects of gut microbiome and its metabolites on growth performance and meat quality.

Results: Our study identified Lactobacillus, a marker genus in the rumen, to be significantly associated with the levels of fumaric acid, nicotinic acid, and 2-deoxyadenosine (P-value < 0.05). Statistical analysis showed that nicotinic acid was significantly negatively correlated with body weight (P-value < 0.01), while 2-deoxyadenosine was significantly positively correlated with fatty acids content (P-value < 0.05). There was a biologically significant negative correlation between Phascolarctobacterium and deoxycytidine levels in the hindgut. Deoxycytidine was significantly positively correlated with body weight, protein, and amino acid content. Differences in rumen fermentation patterns that are distinctive among breeds were identified. Tan sheep mainly used Lactobacillus and fumaric acid-mediated pyruvic acid for energy supply, while Dorper sheep utilize glycogenic amino acids. The difference of iron metabolism in the hindgut of Dorper sheep affects lipid production, while Phascolarctobacterium in Tan sheep is related to roughage tolerance. The accumulation of nucleosides promotes the growth performance of Dorper sheep.

Conclusion: These findings provide insights into how the microbiome-metabolome-dependent mechanisms contribute to growth rate and fat contents in different breeds. This fundamental research is vital to identifying the dominant traits of breeds, improving growth rate and meat quality, and establishing principles for precision feeding.

KEYWORDS
microbiota, metabolomics, Dorper sheep, Tan sheep, individualized performance


Introduction

Domestic animals provide human beings with abundant protein, an asset worth further exploitation by improving productivity; thus, studying factors that affect the growth and development of livestock is of great relevance (San et al., 1998; Kelley, 2006; Marcu et al., 2013; Park et al., 2018). One of the most important factors affecting productivity is the interaction between gut microorganisms and the host. Animals carry abundant and diverse communities of symbiotic microbes. Studies have shown that variation in the composition of commensal gut microbiome can lead to differences in nutrient absorption and utilization (Krajmalnik-Brown et al., 2012; Rowland et al., 2018). Gut microbes are involved in the regulation of many aspects of the body physiology and behavior, such as intestinal inflammatory response (Pittayanon et al., 2020) and mood (Kraimi et al., 2019). The rumen and hindgut of sheep are the most important fermentation sites in ruminants (Russell and Hespell, 1981). Gastrointestinal fermentation facilitates the digestion and absorption of fats, organic acids, and other substances (Spanghero et al., 2017; Schären et al., 2018); further, through the action of microorganisms, otherwise indigestible polysaccharides can be converted into energy by the host (Mackie, 2002). Current research shows that intestinal microorganisms play a role in animal feed efficiency, milk production, fat synthesis, and growth rate (Spanghero et al., 2017; Schären et al., 2018). Therefore, understanding the composition of gut microbes is crucial for deciphering breed traits.

Microbiome studies are often combined with metabolomes to explore the impact of microbes on host response (Couch et al., 2020; Ma et al., 2022). Microbial composition affects metabolite production and modification including short-chain fatty acids (SCFAs) (Wong et al., 2006), biogenic amines (Sudo, 2019), bile acids (Ramírez-Pérez et al., 2018), choline (Qiu et al., 2021), phenols (Espín et al., 2017). SCFA can modulate the immune response of the intestinal epithelium, and affects the growth of peripheral tissues (Parada Venegas et al., 2019). Bile acids participate in lipid metabolism and energy balance in the host through the enterohepatic circulation (Winston and Theriot, 2020). Furthermore, several food-derived metabolites, including curcumin (Han et al., 2021), the flavonoid quercetin (Wang et al., 2021), and whole grain starch (Li et al., 2021), have been shown to regulate lipid metabolism through the liver in mice. Indeed, gut metabolites act as messengers, sending signals to external tissues through the blood circulation (Mancini et al., 2018; Krautkramer et al., 2021). Therefore, it is evident that gut metabolite-related adaptations influence host performance.

In dairy cows, milk protein quality is related to rumen microbial composition. High abundance of members from the genus Prevotella is involved in amino acid and carbohydrate metabolism, ultimately improving production performance (Liu et al., 2022). Another study indicated that differences in hindgut microbes and metabolites in heifer calves affect residual feed intake (Elolimy et al., 2020). In sheep, bile acid supplementation reduces carcass and subcutaneous and tail fat deposition and modulates host fat distribution (Zhang et al., 2022). In addition, some studies have explored the rumen microbial composition and metabolic changes of Tibetan sheep (plateau breeds) at different growth stages (Li et al., 2020). The effects of different feeding regimens on host metabolism in Mongolian sheep have also been studied (Wang et al., 2020). However, the intestinal microbial composition and metabolites of animals in the same environment, diet, and life stage can be different, due to factors related to breed or adaptation (Lindsay et al., 2020; Ye et al., 2021). This effect of breed on gut microbiota and host performance under the same rearing conditions remains unclear. In order to effectively study the impact of gut microbiome and metabolome of sheep on the economic traits of sheep, we employed Dorper sheep, a South African composite breed that shows early maturity and rapid growth in the early stage, and Tan sheep, a fat-tailed sheep distributed in the Ningxia Hui Autonomous Region of China, with good meat quality and high intermuscular fat. Specifically, the aim of this study was to explore the functional interactions between the microbial composition and metabolites in the rumen and hindgut and host properties of Tan and Dorper sheep via microbiome and metabolomic analysis. The findings in this study will help to optimize feeding and health management of ruminants such as sheep and provide insights for analyzing factors that determine the dominant characteristics of breeds.



Materials and methods


Animals, sampling, and physiological parameters measurement

Considering that most lambs come to market when they become around 8 months old, Dorper (n = 8, D1–D4 represent male sheep and D5, D7, and D8 represent female sheep), and Tan sheep (n = 8, T1–T4 represent male sheep and T5–T8 represent female sheep) of this age were obtained from a commercial feedlot (Ningxia Autonomous Region, China) and used for experimentation. All sheep were maintained and fed under the standard livestock management practices, ensuring identical temperature and humidity, feed, grazing-housing time, and sufficient drinking water.

After assessing the phenotypic characteristics, the sheep were stunned using captive bolts and slaughtered by carotid exsanguination. Approximately 10 g of longissimus dorsi muscle tissue samples were collected and placed in a centrifuge tube with 4% paraformaldehyde to measure the physical properties of the muscle fibers and observe tissue sections. Simultaneously, raw meat samples were collected, trimmed into thin slices, and then stored at −20°C for meat quality determination. Fresh intestinal contents (about 4 ml) of Dorper and Tan sheep were collected from the rumen and middle of the cecum and colon for microbiome and metabolome analyses. Samples were placed in liquid nitrogen immediately after collection, and then transferred to a −80°C ultra-low temperature freezer for storage.



DNA extraction, PCR amplification, and illumina NovaSeq sequencing

Microbial genome was extracted using TIAN amp Genomic DNA kit (TIANGEN Bio-Tek Co., Ltd., Beijing, China) according to the manufacturer’s instructions. The DNA was quantified by UV spectrophotometry (Thermo Fisher Scientific Inc., Waltham, MA, USA). The V3–V4 region of the 16 S rRNA gene was amplified using the following primers: ACTCCTACGGGAGGCAGCA (forward) and GGACTACHVGGGTWTCTAAT (reverse). AXYGEN gel recovery kit (Corning Bio-Tek Inc., Corning, NY, USA) was used for gel cutting and recovery, and fluorescence quantification of PCR amplification and recovery products was performed. Then, the samples were mixed proportionally according to the sequencing requirements of each sample. The sequencing library was prepared using TruSeq Nano DNA LT Library Prep Kit (Illumina BioTek Inc., San Diego, CA, USA). MiSeq sequencer (Illumina BioTek Inc.) was used to carry out 2 × 300 bp paired-end sequencing.



Bioinformatics and statistical analyses

The raw data were subjected to qiime cutadapt trim-paired to excise the primer fragments of the sequence and discard the unmatched primer sequence; then the qiime dada2 denoise-paired of the DADA2 (2019.4) platform was used for quality control, denoising, splicing, and chimera generation for operational taxonomic units (OTUs)1 (Callahan et al., 2016; Bolyen et al., 2018). Singleton OTUs were removed after denoising (default sequence total is only one OTUs). Insertion and deletion errors in nucleic acid sequences were corrected using FrameBot (v1.2) software2. High-quality sequences were clustered at the 97% similarity level. Taxonomic classification and the OTU table output was performed using the SILVA classification database and (Callahan, 2018). The composition of microbial community at kingdom, phylum, class, order, family, genus, and species levels was obtained. Then, we used the Bray-Curtis distance algorithm to perform PCA and cluster dendrogram analysis, using the unweighted pair-group method to calculate the arithmetic means. LEfSe was used to conduct simultaneous differential analysis of all classification levels of microorganisms (Segata et al., 2011). Linear discriminant analysis (LDA) > 2 was used as the screening criterion. We selected the Random Forests algorithm for analysis to obtain important microorganisms (Breiman, 2001). PICRUSt23 was used to predict 16 S rRNA gene sequences in MetaCyc4 and kyoto encyclopedia of genes and genomes (KEGG)5 databases to obtain differential pathway information and KEGG Orthology (Douglas et al., 2020).

Data between pair of groups were analyzed and visualized using the multiple t-test method of GraphPad Prism (version 8.0, San Diego, CA, USA). P < 0.05 was considered significant.



Analysis of the rumen and hindgut metabolome

The metabolome of the rumen and hindgut was chromatographically separated using ultra-high performance liquid chromatography (UHPLC) and analyzed by mass spectrometry with a Q-Exactive high-resolution mass spectrometer (Thermo Fisher Scientific Inc.). The raw data collected by mass spectrometry was processed by Compound Discoverer 3.0 software (Thermo Fisher Scientific Inc.) for peak extraction, peak alignment, peak correction, normalization, and other data preprocessing. Output of a 3D data matrix consisting of sample names, peak information (including retention times and molecular weights), and peak areas was generated. Metabolite structures were identified by accurate mass matching (<25 ppm) and secondary spectrum matching. Data comparison was performed by searching HMDB, Metlin, and self-built databases (Personalbio Co., Ltd., Shanghai, China). Pattern recognition was performed using SIMCA-P 14.1 software (Umetrics Co., Ltd., Umea, Sweden), and the data were preprocessed by Pareto-scaling for analysis.

The online platform, MetaboAnalyst 5.06 (Pang et al., 2021), was used for the PCA and multidimensional statistical based on targeted metabolites. MetOrigin7 was used to perform traceability analysis of metabolites and obtain differential metabolic pathways through KEGG data comparison. Sankey and network graphs were constructed to investigate biological and statistical correlations (Yu et al., 2022). Datasets for metabolites in the rumen and hindgut, and phenotype, were used for correlation analysis, and results were depicted in a heatmap (“pheatmap” package in R8).




Results


Characterization of phenotypes

The body weight (including carcass weight) (P < 0.01, Figure 1C), liver and spleen organ index (P < 0.01, Figure 1D), and leptin hormone levels (P < 0.05, Figure 1G) of Dorper sheep were significantly higher than those of Tan sheep. The intramuscular fat content (P < 0.01, Figures 1A,B) and free fatty acid content (P < 0.05, Figure 1G) of Tan sheep were significantly higher than those of Dorper sheep. There was no significant difference in the body size and serum biochemical indices between the two groups (P > 0.05, Figures 1E,F). However, significant differences in muscle fiber size, protein content, partial fatty acid content, and selenium content between the two groups were noted (Supplementary File 1).
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FIGURE 1
Phenotypic Trait Statistics. (A) The appearance map of the longest dorsal muscle of Dorper sheep (left) and Tan sheep (right) and the results of oil red O staining (bottom). (B) Image J statistics on Oil Red O staining results. (n = 6) (C–E) Statistical results of body weight, organ index and body size between breeds. (F,G) Statistical results of serum biochemistry and key indicator. *means P-value < 0.05, **means P-value < 0.01.




Microbiome sequencing results and bacterial diversity

A total of 16 S rRNA sequencing of 45 samples generated 5,826,400 reads. After filtering the data, denoising, de-chimerism, and singleton checking, we obtained 2,508,854 clean reads. The number of OTUs shared by rumen segments was 745 (Figure 2A). The number of OTUs observed in the cecum and colon were 862 and 853, respectively (Figure 2B). The results showed that the number of common microorganisms in the rumen was lower than that in the cecum-colon.
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FIGURE 2
Sequencing results and statistical analysis of diversity. (A) Venn diagram showing the operational taxonomic units (OTUs) shared among the rumen. (B) Venn diagram showing the OTUs shared between the cecum-colon segments. (C) The Faith’s phylogenetic diversity (PD) and Shannon indices of six groups. (D) Rarefaction curve of Good’s coverage index. Each curve represents the mean within the group.


The results of the Faith’s Phylogenetic Diversity index based on evolutionary characterization showed significant differences between the rumen and cecum-colon of Tan sheep (P < 0.001), while there was no difference between the rumen and cecum-colon of Dorper sheep, and no significant difference in the Shannon index among the groups (Figure 2C). The Good’s coverage index of each sample was more than 90%, and the curve tended to be flat, indicating that the sequencing data were sufficient to cover all bacterial communities (Figure 2D).



Cluster analysis and microbial composition

Principal component analysis (PCA) revealed that the rumen and cecum-colon were significantly separated, with 29.4 and 3.6% of the variation explained by principal component 1 (PC1) and PC3, respectively (Figure 3A). Permutational multivariate analysis of variance also showed that the microbiomes in the rumen and cecum-colon were significantly different between both breeds (adjusted P < 0.05), while no significant difference between the cecum and colon was found (adjusted P > 0.05) within each breed (Supplementary File 2). Since the microbial diversity and composition were similar in the cecum and colon, they were collectively referred to as the hindgut.
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FIGURE 3
Microbial composition and ratio. (A) Principal coordinate analysis (PCoA) based on all samples. (B) The hierarchical tree shows the UPGMA clustering result. The abscissa indicates the distance between samples, the number after the group abbreviation represents the individual number, and the branch length indicates similarity. On the right is the stacked histogram of the top 10 abundant bacterial families in the sheep intestine. The abscissa indicates the proportion of bacteria. (C) The phylum-level microbial composition of each intestinal segment. (D) The genus-level microbial composition of each intestinal segment. (E) The ratio of key rumen microorganisms among breeds (P-value < 0.05). (F) The ratio of key hindgut microorganisms among breeds. (P-value < 0.05).


At the family level, the bacteria from the rumen and hindgut were grouped into two categories according to the hierarchical clustering results. Simultaneously, the similarity between the cecum and colon of the same host was higher than that of the same hindgut intestinal segment between hosts (Figure 3B). The microorganisms in the rumen and hindgut mainly include members from Ruminococcaceae, Rikenellaceae, Prevotellaceae, Christensenellaceae, and Lachnospiraceae. These bacteria accounted for approximately 70% of the gut microbes. Prevotellaceae and Ruminococcaceae were the dominant families in the rumen and hindgut, respectively. Firmicutes and Bacteroidetes were the two major groups of bacteria that constituted the gut microbiome, accounting for 90% of the total bacteria (Figure 3C). At the genus level, Rikenellaceae_RC9_gut_group, Ruminococcaceae_UCG-005, and Ruminococcaceae_UCG-010 were the dominant genera in the hindgut, and their proportions were higher than those in the rumen (Figure 3D).

LEfSe analysis and random forest analysis were used to obtain dominant bacterial genera, and the intersection of the two results was obtained. We visualized 30 key bacteria in the rumen. Among them, g_Saccharofermentans, g_Lachnospiraceae _AC2044_group in Tan sheep, and g_Bacteroidales_RF16_group and f_Succinivibrionaceae in Dorper sheep were the dominant genera (LDA > 2, P < 0.05). In the random forest analysis, f_Enterobacteriaceae, g_Lactobacillus, and s_bacterium_XPB1013 were the most important differential bacteria (Figure 3E).

In the hindgut, we visualized 40 bacteria at the intersection of the two analyses. f_Rikenellaceae and g_Ruminococcaceae_UCG_005 were the most abundant differential bacterial genera (LDA > 2, P < 0.05; Figure 3F). Through joint analysis, we found that f_Enterobacteriaceae, f_Pseudomonadaceae, and s_Lactobacillus_faecis were highly abundant in the rumen and hindgut of Tan sheep, while f_Marinifilaceae and g_Succinivibrio were highly abundant in Dorper sheep.



Microbial function prediction and intestinal metabolic pathways

Microbial functions are related to biosynthesis and metabolism; thus, the prediction of their function was performed via PICRUST2 using MetaCyc database as a reference. The abundance of biosynthetic processes was higher than that of other metabolic pathways. The main biological pathways included amino acid biosynthesis, nucleoside and nucleotide biosynthesis, cofactors, prosthetic groups, electron carriers, and vitamin biosynthesis (Supplementary File 3).

The results of metabolic pathways showed that mevalonate pathway I, a super pathway of geranylgeranyl diphosphate biosynthesis I (via mevalonate), polymyxin resistance was more active in the rumen of Tan sheep. In contrast, the hindgut mainly included seven differential metabolic pathways, including the super-pathway of L-threonine metabolism (Figure 4A).
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FIGURE 4
Predictive analysis and statistics of foregut and hindgut microbial function. (A) The differential analysis of metabolic pathways based on the MetaCyc database (*P-value < 0.05, **P-value < 0.01). (B) Critical metabolic enzyme enrichment based on the information of enzyme nomenclature (EC) functional orthologs in the kyoto encyclopedia of genes and genomes (KEGG) database (P-value < 0.05). (Light yellow indicates the rumen and light blue indicates the hindgut).


In the KEGG orthologs database, we screened 1,194 differential orthologs in the rumen. Differential orthologs (2,098) were screened in the hindgut (P < 0.05). We visualized 21 differential metabolic orthologs in the rumen and hindgut (Figure 4B). The M00879 (arginine succinyl transferase pathway, astA, astB, astC, astD, and astE), and M00136 (GABA biosynthesis, puuA, puuB, and puuD) reaction modules in the rumen were highly expressed in Tan sheep. Additionally, M00019 (valine/isoleucine biosynthesis, ilvC, and ilvM) and M00046 (pyrimidine degradation, DPY S, pydC, and preT) in the hindgut were more abundant in Tan sheep, and M00119 (pantothenate biosynthesis, panB, panC, and panD) was more active in Dorper sheep.



Profiles of rumen and hindgut metabolome

In the metabolomic LC-MS analysis, 1,193 compounds were identified in positive and negative ion modes. After t-test and variable importance in projection (VIP) filtering, 128 metabolites were found to be significantly different between the two groups: 51 compounds were significantly higher in Dorper sheep, and 77 compounds were significantly higher in Tan sheep (P < 0.05, VIP > 1). KEGG database analysis revealed the annotation information of 73 metabolites (Supplementary File 4).

The PCA results showed significant separation of rumen compounds between the different groups, with 53.1, 17.7, and 14.2% of the variation explained by principal component 1 (PC1), PC2, and PC3, respectively (Figure 5A). One host-specific and 13 microbiota-specific metabolites were identified in rumen. Moreover, 16 drug and 21 food-related metabolites were identified (Figure 5B), while organic acids, organoheterocyclic compounds, and fatty acyls were the main components in rumen (Figure 5C).
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FIGURE 5
Metabolome Statistics Analysis (A,D) Three-dimensional principal component analysis of the rumen and hindgut metabolome. (B,E) Classification of rumen and hindgut differential metabolite sources according to host source, microbial source and common source. (C,F) Chemical structure analysis of rumen and hindgut differential metabolites according to super class.


In hindgut, 150 significantly different compounds were observed. KEGG annotated information for 111 metabolites (Supplementary File 4). Forty-two metabolites were significantly elevated in the hindgut of Tan sheep, while 108 were highly expressed in the hindgut of Dorper sheep.

PC1, PC2, and PC3 explained 36.7, 6.2, and 5.5% of the variations, respectively in hindgut (Figure 5D). Twenty-two metabolites were derived from microorganisms and related to drugs. Eighteen metabolites were co-metabolized by the host and microbes, 24 microbes were food-associated and drug-related, and 62 metabolites were of unclassified origin (Figure 5E). Nucleic acids, organoheterocyclic compounds, and fatty acyls were the main metabolites in hindgut (Figure 5F).

Based on databases of organ tissues, analysis showed that myelin tissue was enriched in the rumen, while neural tissue was enriched in the hindgut.



Function analysis of rumen and hindgut metabolome

Venn enrichment revealed the presence of unique metabolites in the rumen and hindgut. Twenty-two metabolites were differentially expressed in different intestinal segments (Figure 6A). The expression patterns of intersection metabolites, mainly including organic heterocyclic compounds, benzenes, and fatty acyl groups, related to β-alanine metabolism and fatty acid oxidation processes, were visualized (Figure 6B).
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FIGURE 6
Functional analysis of the metabolome (A) Venn analysis of significantly different metabolites in rumen and hindgut. (B) Visualization of key metabolites in the rumen and hindgut. Dorper/Tan foldchange is +. (C,D) KEGG enrichment analysis of rumen and hindgut differential metabolites. Venn diagram represents the statistics of enriched metabolic pathways in host-microbe-co-metabolism.


The KEGG enrichment analysis showed 11 and four differential metabolic pathways enriched in the rumen and hindgut, respectively (P < 0.05). In rumen, glycosylphospatidylinositol (GPI)-anchor biosynthesis metabolism is unique to the host, and its related lipid metabolism includes (alpha)-linolenic acid and glycerophospholipid metabolism. Furthermore, we identified some amino acid-related metabolic pathways, including alanine, aspartate, and glutamate metabolic pathways. This also included purine, histidine, nicotinate, and nicotinamide metabolism which were significantly different metabolic processes (Figure 6C).

In hindgut, biosynthesis of siderophore group non-ribosomal peptides, polycyclic aromatic hydrocarbon degradation, and carotenoid biosynthesis are metabolic processes specific to microorganisms. Among the co-metabolism processes, pyrimidine metabolism is significantly different (Figure 6D).



Relationship between phenotype, microbiome, and metabolome

Spearman’s rank correlation analysis revealed 20 significant correlations between rumen microbiota and phenotypes (R > 0.5, P < 0.05; Figure 7A). The weight-related indices showed the same trend, significantly positively correlated with nicotinic acid and stigmatellin Y. Furthermore, N-deoxymilitarinone A and O-phosphorylethanolamine showed significant positive correlations with meat quality-related traits. Fatty acids, selenium trace element, and intramuscular fat content had similar correlations. We further conducted Spearman correlation analysis between metabolites and microbes. Lactobacillaceae, Succinivibrionacea, Lactobacillus, and Saccharofermentans exhibited a strong correlation with metabolites (Supplementary File 5). Traceability analysis revealed biological and statistical correlations between Lactobacillus and the six metabolites including fumaric acid (R01083) (Figure 7B). A network diagram showing interactions between rumen microbe-metabolite pathways is presented in Figure 7C. The correlation between Lactobacillus, nicotinic acid, and 2-deoxyadenosine was significantly associated with the phenotype in a previous analysis (P < 0.05). The enriched niacin and nicotinamide metabolism, and purine metabolism exhibited significant differences.
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FIGURE 7
Correlation analysis of microbes, metabolites and phenotypes. (A,D) Differential phenotypes among breeds and Spearman correlations of rumen and hindgut metabolites (*P-value < 0.05, **P-value < 0.01, ***P-value < 0.001). (B,F) Biologically relevant sankey diagrams of microorganisms and metabolites in rumen and hindgut. Red indicates high expression in Dorper sheep, and green indicates high expression in Tan sheep (P-value < 0.05). The light-colored line indicates that the spearman correlation is not significant (P-value > 0.05), and the dark line indicates that the spearman correlation is significant (P-value < 0.05). (C,E) Network analysis of key microbiota and metabolites in rumen and hindgut.


The correlation between metabolites and phenotypes in the hindgut was lower than that in the rumen (Figure 7D). At the genus level, we found a correlation between 23 bacteria and their metabolites, including Succinivibrio and Phascolarctobacterium. Figure 7F shows the Sankey correlation diagram in pyrimidine metabolism. The hindgut microbial network analysis showed that Phascolarctobacterium and deoxycytidine were significantly negatively correlated (P < 0.05, Figure 7E). Thymidine and deoxycytidine were highly expressed in Dorper sheep and significantly enriched in the pyrimidine metabolic pathway.



Metabolome and microbiome diagram construction based on relationship networks

We constructed a metabolic network map of metabolites present in rumen. Nine metabolic pathways were identified, including tyrosine and purine metabolic pathways. The M00879 module (arginine succinyl transferase pathway, arginine to glutamate) and the M00136 module (GABA biosynthesis, prokaryotes, putrescine to GABA) were significantly enriched in Tan sheep (P < 0.05). enzyme nomenclature (EC) 1.3.5.1 (succinate dehydrogenase/fumarate reductase) was significantly enriched in Tan sheep and EC1.3.5.4 (fumarate reductase flavoprotein subunit) was significantly enriched in Dorper sheep (P < 0.05). The biological processes related to the rumen included VFA production, urea cycle, and DNA, and RNA signaling (Figure 8A).
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FIGURE 8
Rumen and hindgut biological metabolic networks. (A) Rumen metabolic network. (B) Hindgut metabolic network. EC denotes enzymes for KEGG enrichment analysis. M represents a module in a metabolic pathway. Red represents metabolites abundant in Tan sheep, blue represents metabolites abundant in Dorper sheep, and black represents metabolites with no significant difference. Squares indicate involved biological processes. The enriched metabolites were P-value < 0.05, VIP > 1.


The hindgut was enriched in nine metabolic pathways, including that of pyrimidine and porphyrin. Overlapping metabolites between the pathways were connected as nodes. The results of the microbial analysis showed that M00046 (pyrimidine degradation, uracil to beta-alanine, thymine to 3-aminoisobutanoate) and M00019 (valine/isoleucine biosynthesis, pyruvate to valine/2-oxobutanoate to isoleucine) were significantly enriched in Tan sheep. M00119 (pantothenate biosynthesis, valine/l-aspartate to pantothenate) was significantly enriched in Dorper sheep, whereas EC 5.1.1.13 and EC 6.3.1.10 were significantly enriched in Tan sheep (P < 0.05). Biological processes in the hindgut involved iron transport, flavonoid metabolism, and DNA, and RNA signaling (Figure 8B).




Discussion

By integrating analysis of the microbiome and metabolome of the rumen and hindgut, we identified microbe-dependent and host-metabolism-dependent mechanisms that lead to differences in growth and meat quality and constructed a network of microbial composition, function, and metabolites that differentiate these traits.

Differences in bacterial ratios between breeds is intriguing. In the hindgut, the proportion of Firmicutes and Bacteroidetes in Tan sheep was higher (2.4%) than that in Dorper sheep (1.05%), and this proportion was positively correlated with obesity (Ley et al., 2005). The lower abundance of members from Rikenellaceae has also been implicated in an increased fat content in Tan sheep (Arnoriaga-Rodríguez et al., 2020). Lachnospiraceae colonization experiments show that it can cause a significant increase in the weight of internal organs (such as the liver) and reduce plasma insulin levels (Kameyama and Itoh, 2014). These bacterial differences contributed to the sheep phenotype and are in agreement with previous studies. Saccharofermentans are believed to be associated with indigestible high-lignin dietary components (Langda et al., 2020) and can convert succinic acid into acetic and propionic acids (Li et al., 2012; La Reau and Suen, 2018). Members from Succinivibrionaceae, the dominant bacteria in the rumen of Dorper sheep identified in this study, can produce succinic acid (Fernández-Veledo and Vendrell, 2019). Interestingly, in this study, the identified succinate was not significantly enriched. This may be because Succinivibrionaceae are also involved in other processes such as starch, hemicellulose, and xylan degradation, and not just succinic acid production (Bryant, 1970). Lactobacillus are “good bacteria,” which are important both for maintaining homeostasis and producing lactic acid for energy (Turroni et al., 2014). The genus Phascolarctobacterium is a group of beneficial bacteria capable of producing short chain fatty acids (Wu et al., 2017). This valuable substrate can provide sufficient raw materials for fat synthesis (Ladeira et al., 2018). The changes in the abundances of Lactobacillus and Phascolarctobacterium are indicative of the strong adaptability of Tan sheep; however, the beneficial effects of these genera in sheep need further exploration.

Energy utilization in the rumen and lipid metabolism in the hindgut are notable features that vary among different breeds. Fumaric acid in Tan sheep increased the production of rumen propionic acid, promoted gluconeogenesis, and improved feed utilization (Li et al., 2018). Dorper sheep were enriched in glycogenic amino acids and their derivatives, indicating that they mainly provided energy in the form of amino acids (D’Andrea, 2000). Therefore, we speculate rumen fermentation patterns among breeds can be different. The hindgut metabolic network revealed differences in porphyrin and iron metabolism. Iron is involved in lipid metabolism and can promote fatty acid import and lipid droplet formation through synergistic action in the liver (Anderson and Shah, 2013; Rockfield et al., 2018). Fatty acids such as N-palmitoylserinol and 2-Oxo non-adecanoic acid were higher in Dorper sheep, indicating that differences in fat metabolism serve as specific characteristic among different breeds.

Niacin and pyrimidine were found to be involved in the regulation of body functions, as revealed by the microbe-metabolite-phenotype network. Specifically, correlation analysis of the metabolic phenotypes showed that niacin was positively and negatively correlated with body weight and fat content, respectively. As a precursor of NAD + and NADP +, niacin is important for catabolic and anabolic redox reactions. Additionally, niacin is known for its antilipolytic action via a hydroxycarboxylic acid-2-receptor-dependent mechanism (Chen et al., 2019). Niacin supplementation may help lower the plasma triglyceride and non-esterified fatty acid concentrations (Hristovska et al., 2017; Wei et al., 2018). Differences in pyrimidine metabolism are prominent features of the hindgut while different nucleoside combinations can affect animal growth performance (Daneshmand et al., 2017b). In broiler studies, it was found that feeding with yeast extract as a source of nucleotides did not affect animal growth parameters (Jung and Batal, 2012), whereas in piglets, nucleotides could beneficially influence body weight, body weight gain, and feed intake (Superchi et al., 2012). Our findings are consistent with the latter case. Different inherent, management, and environmental factors, such as animal species, age, and feeding conditions, may explain this inconsistency observed by different researchers. In addition, some studies have pointed out that since the main components of the nucleoside de novo pathway are various amino acids, such as glutamine, aspartic acid and glycine, the accumulation of exogenous nucleosides in epithelial cells can cause amino acid retention (Berens et al., 1995; Daneshmand et al., 2017a). Higher levels of amino acids were detected in the intestinal tract of Dorper sheep than in the intestinal tract of Tan sheep under the same feeding environment; this indicates that this difference may be determined by breed characteristics; however, this claim needs to be further verified.

Some metabolites were not annotated in detail in the KEGG database. N-deoxymilitarinone A, a pyridone alkaloid and a natural product found in Cordyceps farinosa, possibly playing a role in the nervous system through the brain-gut axis (Cheng et al., 2006), was significantly positively correlated with selenium content. Stigmatellin Y, a chromone inhibitor that inhibits respiratory complex I at high concentrations (Von Jagow and Ohnishi, 1985), was negatively and positively correlated with meat quality and growth traits, respectively. Anandamide, a fatty acid neurotransmitter, acts on cannabinoid receptors in the nervous system and regulates feeding behavior and pleasure (Pacher et al., 2006). Studies have shown that chrysophanol can effectively inhibit lipid accumulation in vitro, reduce body weight in mice, and improve insulin sensitivity (Liu et al., 2020). The biological roles of these substances in sheep require further investigation.

Since evidence for a direct contribution microbial functions is lacking and metabolome heritability is currently poorly understood, future studies are needed to assess the causal relationship between these functions and metabolic elements. Our findings provide insights highlighting the possibility of controlling microbial functions and metabolites through genetic selection.



Conclusion

Our study identified differences in rumen fermentation patterns that are distinctive among breeds. Tan sheep mainly use Lactobacillus and fumaric acid-mediated pyruvic acid for energy supply, while Dorper sheep mainly utilize glycogenic amino acids. The difference of iron metabolism in the hindgut of Dorper sheep affects lipid production, while Phascolarctobacterium in Tan sheep is related to roughage tolerance. The accumulation of nucleosides promotes the growth performance of Dorper sheep. Overall, we obtained statistical and biological correlations between microbiome and metabolite-related parameters and sheep phenotype. Gut microbiome- and metabolite-dependent mechanisms investigated in the present study provide new insights into the connection of altering the microbiota-metabolites for enhancing breed traits.



Data availability statement

The rumen and hindgut 16S amplicon sequences were deposited in the NCBI Sequence Read Archive (SRA) under the accession number: PRJNA857330.



Ethics statement

This animal study was reviewed and approved by the Animal Care and Use Committee of China Agricultural University (permit number: SKLAB-2012-04-07).



Author contributions

YM contributed to ranch sampling, complete analysis, and writing the manuscript. XY provided analytical ideas and contributed to branch sampling. GH, XiD, and TX were mainly involved in pasture sampling. XL and DF participated in pasture sampling and assisted with experimental sample processing. XuD contributed to experimental conception, ranch work arrangement, and manuscript modifications. All authors have read and agreed to the published version of the manuscript.



Funding

This research was funded by the National Key R&D Program of China (2021YFF1000700), the Ningxia Agricultural Breeding Project (NXNYYZ20150103), and the National Natural Science Foundation of China (32002145).



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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2022.1047744/full#supplementary-material



Footnotes

1     https://qiime2.org/
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Introduction: This study was conducted to evaluate the effects of fermented feed of Pennisetum giganteum (P. giganteum) on growth performance, oxidative stress, immunity and gastrointestinal microflora of Boer goats under thermal stress.

Methods: The study was conducted during 45 days using twenty 2 months Boer goats. The goats were randomly allocated into two groups: NPG (n = 10; normal P. giganteum) and FPG (n = 10; fermented feed of P. giganteum), and the ratio of concentrates to roughage was 3:2. Both groups of animals were kept in sheds and exposed to summer thermal stress from 10:00 h to 18:00 h (temperature and humidity index, THI > 78). At the end of the study, the animals were slaughtered and assessed for various characteristics.

Results: The findings from the study revealed that FPG-feeding significantly increased (p < 0.05) average daily gain (ADG, 48.18 g) and carcass weight (4.38 kg), while decreased (p < 0.01) average daily feed intake (ADFI, 0.74 kg/d; p < 0.01) and the feed:gain (F/G, 15.36) ratio. The CAT, GSH-Px activities and GSH in serum, liver and spleen, and the levels of IgA, IgG, IgM, IL-2, IL-4 and IL-1β in serum of FPG-fed goats were significantly higher (p < 0.05) than those of NPG-feeding goats. Further, we found that FPG feed is rich in nutrients with Lactobacillus (65.83%) and Weissella (17.80%). Results for gastrointestinal microbiota composition showed that FPG-feeding significantly enhanced the abundance of Lactobacillus and unidentified Clostridiales, and reduced Anaerovibrio and Methanobrevibacter. Meanwhile, Spearman’s correlation analysis showed that these microbiotas were closely related to the improvement of oxidative stress and immune indexes of goats.

Discussion: These results demonstrated that FPG-feeding not only reduces oxidative stress and improves ROS clearance to enhance antioxidant defense system, but also improves gastrointestinal microbiota to enhance immune function by overcoming the adverse effects of heat stress, and further improve growth performance of goats.

KEYWORDS
 thermal stress, fermented feed of Pennisetum giganteum, oxidative stress, immune response, gastrointestinal microflora


Highlights

• It is first time to study the feeding of Boer goats with the fermented feed of P. giganteum (FPG) under thermal stress in summer.

• Fermented feed of P. giganteum (FPG) in Boer goats’ diets improved growth performance, alleviated oxidative stress, enhanced immune defense function, and gastrointestinal microflora.

• The growth performance and health of small ruminants are closely related to the stability of gastrointestinal microflora.



Introduction

Small ruminants, especially goat kids, play a significant part in the livestock industry (Abioja et al., 2023). Goat kids have the characteristics of fast growth, strong adaptability and plasticity. Improper daily feeding or environmental climate factors will not only affect the growth and growth performance of lambs, but also cause disease to increase mortality of lambs. Among all climatic variable, thermal stress appears to be the most critical factor that adversely affects the growth and reproductive capacity of small ruminants (Aboul Naga et al., 2021a). High humidity and high temperature not only reduce feed intake to change digestive function, but also affect the animal’s immune system and physiological functions (Rashamol et al., 2018). Therefore, in addition to improving the basic environment of the goat house, improving the immune and antioxidant function of young animals, reducing mortality and improving production performance by regulating feed nutrition has become a research hotspot in animal husbandry.

The gastrointestinal tract of ruminants is a very complex ecosystem, in which the development and microflora composition have a close effect on the establishment of digestion and absorption function, growth performance and health statue of the body (Zeineldin et al., 2018; Diao et al., 2019; Li et al., 2021). Bickhart and Weimer (2018) found that rumen microorganisms effectively convert carbohydrates into VFAs (such as acetate, propionate, and butyrate), and these acids are considered the most important because they reverse regulate the composition of rumen microorganisms, further affecting the body’s immunity. Gut microbiota promoted immunity and health by breaking down complex subunits (such as carbohydrates and proteins) and regulating metabolic mechanisms in cells (Armstrong et al., 2019). Especially, diet (feed composition) and environmental changes are the key factors affecting gastrointestinal microbiota, and can directly determine its own metabolism and immunity (Guo et al., 2022).

Pennisetum giganteum (P. giganteum), a perennial erect tufted plant of tall Gramineae, has thick and large leaves and rich in sugar, lignin, crude protein and crude fiber, so it has the reputation of good palatability and high nutrition (Peng et al., 2014). Moreover, due to its strong stress resistance, high temperature resistance, drought resistance, salt and alkali resistance, P. giganteum is easy to plant with high yield, which can effectively improve the shortage of forage resources and further reduce the feed grain (Hayat et al., 2020; Li et al., 2020). It has been shown that P. giganteum can replace corn silage, Sorghum sudanense and other conventional forages as livestock feed (Li et al., 2019). Therefore, P. giganteum is the best choice for high-quality feed for animal husbandry. The high lignocellulosic content of P. giganteum may be detrimental to the digestion and utilization of carbohydrates by ruminants, while feed fermented by microorganisms such as probiotics has become the most important method to improve feed quality (Zheng et al., 2020; Khan et al., 2021). Studies have shown that metabolites of microbial fermented feed have advantages of improving feed nutrition and digestion absorption rate, as well as regulating the microecological balance of rumen and intestinal tract of ruminants and improve body immunity (Metzler et al., 2005). For example, 50% P. giganteum silage for dairy cows, and 8 ~ 12% P. giganteum additive for colorful pheasant exhibit positive effects on their growth performance, digestibility (Li et al., 2020). Therefore, combining probiotics and P. giganteum to produce a new type of fermented feed might have higher nutritional value and development potential. Whether FPG improves immunity by regulating gastrointestinal microecology and mechanism remains to be determined.

The Boer goat breed is an important meat breed in South Africa which is well known for their good quality meat and rough-fed resistance as well as strong adaptability (Chong et al., 2019). However, little information on the effects of thermal stress on the immune function of this particular breed was available. Therefore, our study aimed to explore the effects of feeding FPG on growth performance and immunity of Boer goats under thermal stress, and to assess the possible underlying mechanisms via targeting on oxidative stress and inflammatory factors as well as gastrointestinal microflora, and to further analyze the relationship of gastrointestinal microflora and immune function.



Materials and methods


Ethics statement

The animal care, handling and sampling procedures of goats were approved by Animal Ethics Committee of the National Engineering Research Center of JUNCAO Technology and conformed to the declared plan (Ethical approval code: HC-2021-021).



Location

The study was carried out from August to October at the Breeding Farm which is located in Baizhong Town, Minqing County, Fujian Province (11°45′00″N and 39°36′36″E, 78 m above sea level). Ambient temperature and relative humidity (RH) inside and outside the sheds were recorded daily (daytime and nighttime) throughout the entire period of experiment. The temperature and humidity index (THI) values were calculated according to Ingraham et al.’s (1974) formula, and the results were depicted in Figure 1. The THI values (75 ~ 78) are indicated stressful, while those above 78 indicated great distress (Michels, 1974). The THI values obtained in this study show that Boer goats were considered to be under great (THI > 78) stress condition over 8 h during daytime.

[image: Figure 1]

FIGURE 1
 Temperature and humidity index (THI) both inside and outside the shed during the daytime and nighttime. During the daytime, the temperature exceeds 30°C for 8 h (10:00–18:00). The THI values were calculated according to Ingraham et al.’s (1974) formula. Accordingly, the formula used was THI (%) = (1.8 × temperature + 32) – (0.55–0.55 × relative humidity) × (1.8 × temperature – 26). The THI during daytime were significantly higher than at nighttime.




Preparation of fermented feed of Pennisetum giganteum

Culture-fermented of P. giganteum (Qiu et al., 2022) was formulated in the Food Biotechnology Laboratory, Fujian Agriculture and Forestry University, Fuzhou, China. P. giganteum (height below 2.5 m, 2-month growth cycle) were obtained from the plantation base of the National Engineering Research Center of JUNCAO Technology. Fermented film was purchased from Shanghai Bright Holstan Co., Ltd. The fermentation process of fermented feed of P. giganteum is as follows. Briefly, the smashed P. giganteum (2–3 cm), while was mixed with corn flour and wheat bran (8:1:1, a total of 3 tons), was sprayed with 2.64% culture-fermented (Qiu et al., 2022) to control the water content of the whole system at roughly 60%. After being evenly mixed, the mixture was transferred to the fermentation tank and compacted to remove air. Finally, the mixture was sealed with fermentation film and conducted at room temperature (30 ~ 40°C) for 9 days.

The contents of various nutrients in the normal and fermented feed samples of P. giganteum were determined before feeding trial. Nutrients mainly include dry matter, roughage protein, ether extract, roughage fiber and Ash, which the operation method was determined according to Dean et al. (2005). Detailed nutritional measurements are provided in the supplementary material. The composition is presented in Table 1.



TABLE 1 Analysis of the nutritional components of the roughage in the experimental period1.
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Animals, diet and management

Twenty Boer goats (BW, 9.14  ± 0.80 kg) of 2 months of age were used for this experiment. Animals were vaccinated and dewormed for external parasites before the start of this experiment. After 2 weeks of adaptation, the goats were randomly divided into the following two groups (n = 10) for 45 days, which were kept in a well-ventilated shed (3 m × 4 m) under proper sanitary conditions. All animals were fed forage mix containing concentrate (60%) and roughage (40%) ad libitum, which coarse ratio was based on Wang et al. (2021). The concentrate was purchased from Fujian Yourong Animal Husbandry Development Co., LTD. Due to the patent of the feed formula, the proportion of each component was not disclosed, while its nutritional composition is shown in Table 2. All nutrients met the National Research Council (2007) recommendations. Two groups of goats were fed two different roughages: (1) NPG group: goats were fed with base material of P. giganteum as normal group, base material of P. giganteum was composed of P. giganteum and corn flour and wheat bran (8:1:1); (2) FPG group: goats were fed with fermented feed of P. giganteum. Feed was offered at 09:00 and 18:00 every day, water and salt-mineral lick were offered for ad libitum access to animals during the experiment. Feed amount was 4 ~ 5% of the body weight of goat and adjusted according to the feed intake of the previous day to ensure that there was unfinished feed in the feeding tank.



TABLE 2 Analysis of nutritional components of the concentrate.
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Sample collection and analysis

At the beginning of the experiment, samples of fresh P. giganteum (PG), base material of P. giganteum (NPG) and fermented feed of P. giganteum (FPG) were collected, frozen with liquid nitrogen and stored at −80°C.

During the experiment, the feed and residual feed amount of the two groups were accurately recorded every day. The animals were weighed on an empty stomach at 8:00 am on the 2nd day of the experiment every 15 days, the aim was to monitor their initial and final body weight (IBW and FBW) to calculate net weight (NW), average daily gain (ADG), average daily feed intake (ADFI) and feed to gain ratio (F/G).

At the end of the experimental period, the Boer goats were fasted for 12 h. Blood samples were collected into 1.5 ml sterilized tubes by jugular puncture using 10 ml disposable needle tube and placed at room temperature for 2 h. The serum was separated from the blood by centrifugation at 3000 rpm for 10 min and stored at −80°C.

The carcass was obtained from each goat after postmortem, which was killed by bloodletting through jugular vein. Then, the carcass weight, the eye muscle area and backfat thickness of the carcass were evaluated. In addition, all parts of gastrointestinal tract (compound stomach, small intestine, and large intestine), viscera and kidney fat were separated and weighed successively. The cecal contents and rumen fluid samples filtered by four layers of gauze were collected in 5 and 15 ml sterile tubes, respectively, rapidly frozen in liquid nitrogen and stored at −80°C. At the same time, part of the rumen and intestine (duodenum, caecum, and jejunum) were taken and fixed with 10% formalin. Finally, parts of liver tissue and spleen tissue from the same group were removed, cleaned with phosphate buffered saline (PBS), rapidly frozen with liquid nitrogen and stored at −80°C.



Histopathological analysis

Rumen and intestinal samples were clipped, dehydrated, paraffin-embedded, sectioned, stained with hematoxylin and eosin, sealed and observed under a positive white light microscope (Eclipse Ci-L, Nikon, Tokyo, Japan) at 20 × or 40 × magnification.



Biochemical assays of the serum, liver and spleen samples


Oxidative stress in dices in the serum, liver and spleen

The liver or spleen was mixed with normal saline at a ratio of 1:9 (w/v) to prepare homogenates using Ultra-turrax in an ice bath. The supernatant was collected after centrifugation at 1000 × g for 15 min at 4°C. Then, biochemical assays of the serum or liver and spleen samples were immediately measured by the kit (Nanjing Jiancheng Bioengineering Institute, China) according to the manufacturer’s instructions, including hydrogen peroxide (H2O2), malondialdehyde (MDA), lipid peroxidation (LPO), catalase (CAT), total antioxidant capacity (T-AOC), total superoxide dismutase (T-SOD), glutathione reductase (GR), glutathione peroxidase (GSH-PX), reduced glutathione (GSH).



Selected immunoglobulins (Ig) and interleukin in the serum

The levels of IgA, IgM, IgG, IL-2, IL-4, IL-6, and IL-1β in serum were detected by ELISA methods according to the manufacturer’s instructions (Nanjing Jiancheng Institute of Biological Engineering, China; Liu et al., 2020).




High-throughput sequencing analysis of feed, rumen and intestinal microbiota

Total genome DNA from feed, rumen fluid and cecal contents samples were extracted using CTAB/SDS method (Cruz-Ramos et al., 2019). DNA concentration and purity were monitored on a NanoDrop 2000 UV–vis spectrophotometer (Thermo Fisher, Wilmington, MA, United States), they were checked by 1% agarose gel and diluted to 1 μg/μL with sterile water.

The V3 + V4 region of the bacterial 16S rRNA gene was amplified using 515F (5′-GTG CCA GCM GCC GCG GTA A-3′) and 806R (5′-GGA CTA CHV GGG TWT CTA AT-3′) of feed samples, 341F (5′-CCT AYG GGR BGC ASC AG −3′) and 806R of rumen fluid and cecal contents samples (Ge et al., 2020). All the libraries were constructed by TruSeq® DNA PCR-Free Sample Preparation Kit (Illumina, United States), and were qualified by Qubit quantification. And then the sequencing was conducted by the Illumina NovaSeq platform. The raw tags were processed by QIIME (V1.9.1) and UCHIME algorithm (Edgar et al., 2011). The effective tags were clustered by Uparse software (Uparse v7.0.1001; Edgar, 2013) with 97% similarity cutoff to obtain OTUs (Operational Taxonomic Units). The Spearman correlation heatmap between rumen and intestinal microflora and immune and oxidative stress indicators at the genetic level was based on the RStudio software. In addition, the correlation network was visualized by Cytoscape 3.6.1 (Huang et al., 2019).



Statistical analysis

Statistical analysis of all data was applied to investigate correlation by unpaired two-tailed Students’ t-test using SPSS 13.0 and GraphPad Prism 8 software. All the results are presented as the mean. The reliability of experimental data was expressed by Standard Error of Mean (SEM). The significance level of the test results was set at p < 0.05 and p < 0.01, which were considered as statistically significant and extremely significant, respectively.




Results


Growth performance

Both groups of Boer goats showed normal behavior throughout the 45-day experiment. As can be seen from Table 3, there was no difference in initial body weight between the two groups of Boer goats (p = 0.44). After the experiment, compared with NPG group, FBW of FPG group was increased by 11.44% (p = 0.05), NW and ADG of FPG group were extremely significantly increased by 73.6 and 82.7% (p < 0.01), respectively. ADFI and F/G ratio were extremely significantly decreased (p < 0.01).



TABLE 3 Effect of fermented feed of Pennisetum giganteum on growth performance of Boer goats in thermal stress1.
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Slaughter performance

The slaughter performance (Table 4) was shown that the live weight before slaughter, carcass weight and eye muscle area of FPG group were significantly higher than those of NPG group (p < 0.05), which were increased by 20.5, 25.86, and 94.94%, respectively. Carcass weight ratio, back fat thickness and viscera weight of FPG group were higher than those of NPG group, but there was no significant difference between the two groups (p > 0.05). Performance indexes of gastrointestinal tract were shown in Table 5. Small intestine weight of FPG group was extremely significantly higher than that of NPG group (p < 0.01), and omasum weight, abomasum weight and large intestine weight of FPG group were significantly higher than that of NPG group (p < 0.05). There were no significant differences between the two groups in other indexes of gastrointestinal tract detection, such as rumen wall thickness, papilla height, rumen weight and reticulum weight (p > 0.05).



TABLE 4 Effect of fermented feed of Pennisetum giganteum on slaughter performance of Boer goats in thermal stress1.
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TABLE 5 Effect of fermented feed of Pennisetum giganteum on gastrointestinal tract of Boer goats in thermal stress1.
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Histologic section analysis

The histological morphology of rumen sections is referred to in Figure 2A. There were no significant differences in rumen villus morphology, gastric wall thickness and lamina propria status between the two groups. Compared with NPG group, the villi distribution and growth density of duodenum, jejunum and ileum of Boer goats in FPG group were more dense and complete, and the glands were arranged neatly and distributed more regularly (Figures 2B–D). In NPG group, the duodenum and jejunum villi were slightly incomplete, and the muscle layer was thickened. The ileum villi were broken and autolysis, and the muscle layer was obviously thickened. As shown in Figure 2E, compared with the NPG group, duodenum, jejunum and ileum tissue score of FPG were significantly reduced (p < 0.01), only rumen tissue score has no significant difference (p > 0.05).

[image: Figure 2]

FIGURE 2
 Histologic section analysis of gastrointestinal tract of Boer goats was performed at 20 × and 40 × low magnification. (A) the rumen tissue (20× magnification); (B) the duodenal tissue (40× magnification); (C) the jejunum tissue (40× magnification); (D) the ileum tissue (40× magnification); (E) the tissue score. Data are expressed as mean ± SD (n = 3). *p < 0.05 and **p < 0.01 compared with the NPG group.




Oxidative stress status in the serum, liver and spleen of Boer goats

The oxidant indices in Table 6 show that the contents of H2O2, MDA and LPO in serum of FPG group were decreased by 45.74% (p < 0.05), 4.28% (p > 0.05) and 14.81% (p < 0.05) as compared to the control group (NPG). The above three indicators in liver of FPG group were significantly decreased by 54.97, 58.97, and 59.09% (p < 0.05), respectively. In spleen, the content of H2O2 in FPG group was significantly decreased (p < 0.05), while MDA and LPO contents had no significant differences. As shown in Table 7, compared with the NPG group, the activities of CAT, GR, T-AOC (p < 0.05) and GSH, GSH-Px (p < 0.01) in serum of FPG group were significantly increased, while there was no significant difference in T-SOD. In liver and spleen, the activities of CAT, GSH and GSH-Px in FPG group were significantly increased (p < 0.05), while there was no significant difference in T-SOD. Interestingly, there was no significant difference between liver GR and spleen T-AOC activities, while spleen GR and liver T-AOC activities increased significantly (p < 0.05).



TABLE 6 Effect of fermented feed of P. giganteum on oxidant status in the serum, liver and spleen of Boer goats in thermal stress1.
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TABLE 7 Effect of fermented feed of Pennisetum giganteum on antioxidant status in the serum, liver and spleen of Boer goats in thermal stress1.
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Serum immune parameters of Boer goats

At the end of 45 days of feeding, different immune indexes were observed in Table 8. The contents of IgA, IgG, IgM, IL-2, IL-4, and IL-1β in serum of FPG group were significantly higher than those of NPG group (p < 0.05). Furthermore, the levels of IL-6 increased and decreased without any significant difference.



TABLE 8 Effect of fermented feed of Pennisetum giganteum on serum immune parameters of Boer goats in thermal stress1.
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Structure of feed and gastrointestinal microbial communities

Relative percentages of dominant taxa at phylum and genus levels were assessed by feed, rumen and intestinal microbiota (Figure 3). The abundance of Firmicutes (86.95%), Lactobacillus (65.83%) and Weissella (17.80%) in FPG feed was significantly higher (p < 0.01) than that in PG feed and NPG feed (Figure 3A). Additionally, the rumen microbiota of NPG (45.04, 32.57, 10.64, and 6.41%) and FPG (42.63, 43.78, 1.08, and 8.90%) group were predominated by Firmicutes, Bacteroidetes, Euryarchaeota and Proteobacteria as the dominant microflora, other phyla (Fusobacteria, Synergistetes, Actinobacteria and Spirochaetes) were indicated with a lower abundance (Figure 3B). Interestingly, Lactobacillus in FPG group (3.94%) were significantly higher (p < 0.05), while Anaerovibrio and Methanobrevibacter was significantly lower (p < 0.05) than that in NPG group. Lastly, the intestinal microbiota of NPG and FPG group were composed mainly by the phyla Firmicutes (61.07, 54.44%), Bacteroidetes (28.23, 33.07%) and Proteobacteria (4.37%, 3. 27%), respectively (Figure 3C). Other phyla (Spirochaetes, Actinobacteria, Verrucomicrobia, Euryarchaeota, and Tenericutes) were all at a low abundance level. At the genus level (Figure 3C), the relative abundance of unidentified Clostridiales, Romboutsia and Akkermansia in FPG group (8.56, 7.89, and 1.29%) were higher than those in NPG group (2.90, 5.59, and 0.04%).
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FIGURE 3
 Histogram of the relative abundance of feed and gastrointestinal microbiota at the phylum (Left column) and genus (Right column) level. (A) Feed. (B) Rumen. (C) Caecum contents. Data are expressed as mean ± SD (n = 3). #p < 0.05 and ##p < 0.01 compared with the PG group; *p < 0.05 and **p < 0.01 compared with the NPG group.




Correlations of the gastrointestinal microbiota with immune and oxidative stress parameters

The correlations between the gastrointestinal microbiota and immune and oxidative stress related parameters were calculated using Spearman correlation analysis (Figures 4A,B) and visualized by network (Figures 4C,D). We found that Methanobrevibacter was positively correlated with spleen MDA, but negatively correlated with spleen GSH-Px and liver GSH-Px, T-AOC (Figures 4A,C). Moreover, Anaerovibrio was negatively correlated with serum indexes (IL-2, IL-4, and IgM) and spleen indexes (GSH, T-SOD), but positively correlated with liver (H2O2, MDA, and LPO). More interestingly, the Lactobacillus was positively associated with serum GSH, GR, IgA, IgG, IgM, liver GSH, spleen CAT, GSH, T-SOD, T-AOC, but negatively related to serum H2O2, LPO, and liver H2O2. In addition, serum IL-2 had a positive correlation with Succiniclasticum, Alistipes, Romboutsia and unidentified Enterobacteriaceae. Results (Figures 4B,D) showed that unidentified Clostridiales, Romboutsia, Faecalitalea and Akkermansia were positively correlated with serum IL-2. Interestingly, Akkermansia was positively associated with liver and spleen IgM, GSH-Px, and spleen GR, while was negatively correlated with liver MDA, LPO, spleen H2O2.
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FIGURE 4
 Statistical Spearman’s correlations between the rumen (A,C) or gut microbiota (B,D) and immune and oxidative stress parameters in NPG and FPG groups. (A) Heatmap of correlation between the rumen microbiota and immune and oxidative stress parameters. (B) Heatmap of correlation between the gut microbiota and immune and oxidative stress parameters. The intensity of the color represents the degree of association among them. (C,D) Visualization of the correlation network according to the correlation. Yellow nodes, the rumen microbial genera (C), the gut microbial genera (D); red nodes, the spleen parameters; blue nodes, liver parameters; green nodes, the serum oxidative stress parameters; purple nodes, serum immune parameters. Red lines, Spearman’s rank correlation coefficient > 0.8, FDR adjusted p < 0.05; dotted gray lines, Spearman’s rank correlation coefficient < − 0.8, FDR adjusted p < 0.05. The line width indicates the strength of correlation.





Discussion

Under high values of ambient temperature and humidity, the heat dissipation ability of animals is reduced, resulting in increased body temperature. The THI value was proposed to detect animals under thermal stress (Jaber et al., 2019). The experiment was conducted in the summer of Fujian province, and the THI value was higher than 75 with continuous high temperature (> 30°C) for 8 h inside and outside the breeding shed during the day. Therefore, the breeding was considered to be carried out under thermal stress. In subtropical conditions, the modifications of diet composition should be used to promote a higher intake or compensate the low feed consumption (Muklada et al., 2020).

After a short fermentation period of 9-day, the pH and crude fiber content of feed (FPG) were significantly decreased (p < 0.01), while crude protein, crude fat content and abundant microorganisms such as Lactobacillus and Weissella were significantly increased (p < 0.01). Reports indicate that the roughage with high protein and low crude fiber had better palatability, which was beneficial to animal digestion and absorption, thus improving the carcass quality (Ma et al., 2020). This was consistent with the results of trial. The indicators of ADG, carcass weight and eye muscle area of goats fed FPG were significantly increased. Studies have shown that the unique acid and wine aroma of microbial fermented feed induced goats to adopt feed (Cui et al., 2019). It has been reported that Lactobacillus and Weissella can increase the abundance of short-chain fatty acids (SCFAs), and stimulate the development of the gastrointestinal tract by adjusting gastrointestinal flora structure, thereby improve inflammation (He et al., 2022). These findings also support the current results. The weight of omasum, abomasum, small intestine and large intestine of FPG group were significantly higher, and the rumen and intestinal tissue structure were also better than that of NPG group. The observed improvements in ADG and F:G could be attributed to the synergistic effect of fermentative metabolites in FPG feed with compound probiotics. Therefore, FPG feed with higher nutritional quality and shorter fermentation time were superior to NPG feed and conventional silage (Du et al., 2022). Previous studies have shown that thermal stress reduces goat growth performance (Live weight and carcass weight), which could be attributed to the severe energy expenditure of the animal to resist high heat (Abhijith et al., 2021) and both increased respiratory and cutaneous evaporative cooling mechanisms (Aboul Naga et al., 2021b). Therefore, it is normal that the growth performance of goats in this trail is slightly lower than that of previous studies (Mu et al., 2019).

Previous studies have confirmed that probiotics would regulate systemic inflammation and oxidative stress (Bohlouli et al., 2021; Zheng et al., 2021). Moreover, the oxidative stress caused by intracellular reactive oxygen species (ROS) would also activate the corresponding antioxidant defense system, which is composed of enzyme components such as CAT, GR and GSH-Px and non-enzyme components such as T-SOD, GSH and T-AOC (Landry et al., 2015). It was reported that feeding Lactobacillus plantarum-treated silage increased dairy goat’s serum antioxidase activity, such as T-AOC, SOD, GSH-Px and CAT (Li et al., 2022). This was consistent with the results of serum, liver and spleen fed FPG in this study. In addition, the unique acid flavor of compound bacterial feed could not only induce the increase of feed intake of lambs, but also cause stress to the body (Cui et al., 2019). SOD could transform superoxide free radicals into H2O2, so the lower SOD activity was a protective effect on the body. This can explain the reason of no difference in T-SOD. Therefore, the supplementation of FPG in the diets effectively enhanced the antioxidant defense system and improved the capability to scavenge ROS of goats.

Thermal stress has been reported to inhibit immune function of ruminants (Abioja et al., 2023). Serum immunoglobulins secreted by B cells are the main effective molecule, which moderately reflects the actual humoral immunity (Liu et al., 2020). Cytokines are secreted by activated immune cells such as Th1 cells, which can interact with each other to form a signal network and play a role in regulating the host immune level (Zeng et al., 2021). Previous studies have shown that probiotics might affect the secretion of immunoglobulin (IgA, IgM, and IgG) and cytokines (IL-2 and IL-4) by immune organs and cells, thus improving the immune function of the body (Alizadeh et al., 2022; Li et al., 2022). This is consistent with the results (FPG) of this study. IL-6 and IL-1β are mainly produced by macrophages/monocytes in fat or peripheral tissues, which mediate tissue-specific inflammation (Akash et al., 2017). Probiotics such as Lactobacillus and Bacteroidetes can induce dendritic cells and macrophages to produce TNF-α, IL-1β and IL-6 to act as pro-inflammatory factors (Dwivedi et al., 2016). The appropriate increase of these pro-inflammatory factors can stimulate the secretion of IgG, and promote the activation of B and T cells to regulate the body’s immune function (Ma et al., 2018). Thus, FPG diet decreased proinflammatory factors, increased anti-inflammatory factors and improved immune disorders in goats.

We detected Lactobacillus, unidentified Clostridium, Anaerovibrio and Methanobrevibacter key gastrointestinal microflora, by performing the relationship between oxidative stress, immunity and gastrointestinal microflora indicators through Spearman’s correlation analysis. Many studies have reported that the dominant bacteria in the gastrointestinal tract of ruminants are Firmicutes and Bacteroidetes (Cremonesi et al., 2018; Mu et al., 2019; Chen et al., 2020). Firmicutes are the main bacteria that decompose fiber and cellulose in the rumen, while Bacteroidetes are mainly responsible for carbohydrate and protein digestion and are conducive to the maturation of the gastrointestinal immune system (Li et al., 2021). Ge et al. (2020) found that the lower ratio of Firmicutes to Bacteroidetes (F/B) increase the relative abundance of certain microorganisms, so as to alleviate the lipid metabolism disorders and promote health. This is consistent with the results of this study. The F/B ratios in gastrointestinal tract in NPG group were 1.38 and 2.16, while those in FPG group were 0.97 and 1.65, respectively. Therefore, gastrointestinal microbes with a low F/B ratio of fed-FPG are more conducive to relieving oxidative stress and improving immunity. This view was verified by the fact that the bacteria at the genus level discussed in this study belong to these two phyla. Lactobacillus, fastidious Gram-positive bacteria, are generally considered as commensal or an indicator of healthy microbiota (Fijan, 2014). It has been demonstrated that Lactobacillus are capable to ferment oligo- and poly-saccharides in in rumen to produce organic acids, and regulate rumen pH (Li et al., 2021). And it can also show some antibacterial effects through producing organic acids and antimicrobial peptides competing with pathogenic bacteria for sites (Kim et al., 2020). Unidentified Clostridiales are responsible for the degradation of various substrates (sugars and proteins) as well as the production of volatile fatty acids (Yi et al., 2014). Studies have shown that these fatty acids have special antibacterial activity, which could inhibit intestinal pathogens and reduce inflammation to replace antibiotics (Li et al., 2022). Anaerovibrio is a group of lipid-degrading bacteria, which is prone to produce oxidizing substances such as malondialdehyde and 4-hydroxy-2-hexenal (Sun et al., 2022). The oxidation products would affect intestinal absorption and digestion with a strong proinflammatory effect. Additionally, as Eurycoarchaea, Methanobrevibacter is the main methanogenic bacteria in the rumen. The higher its abundance, the more energy it releases through methanogenesis (Tymensen et al., 2012). This is also the reason for the poor growth performance of goats in NPG group.

The above experiments indicated that the decrease of various biochemical indexes in goats under thermal stress conditions resulted in the immunosuppression of goats. FPG diet can improved the immunity of goats, as evidenced by remission of disease phenotype, the restoration of intestinal microecology, and improvement of growth performance. In terms of the correlation between gastrointestinal microbiota and immunity, FPG feed rich in beneficial bacteria, such as Lactobacillus and Weissella, accumulated in the gastrointestinal tract of goats and improved the microecology of gastrointestinal microbiota (such as elevated Lactobacillus, unidentified Clostridiales). Furthermore, FPG significantly attenuated oxidative stress of liver and spleen and improved its antioxidant capacity. Finally, FPG ameliorated cytokines of serum to enhance immune function. However, we have only been able to demonstrate that FPG diets improve immune function through regulating the gastrointestinal microbiota, and further research is needed on how the gastrointestinal microbiota works.



Conclusion

In conclusion, this experiment highlighted the effects of thermal stress on immunocompromised Boer goat models under temperate environment. The results indicate that FPG-feeding improves the growth performance and biochemical indices of Boer goats. Besides, FPG-feeding effectively enhanced antioxidant defense system and immune function through reducing hepatolienal oxidative stress and increasing the scavenging ability of ROS, as well as ameliorating cytokines of serum and the homeostasis of gastrointestinal microbiotas. FPG will have a good application prospect in replacing antibiotics acted as a functional feed. These investigations provide new experimental evidence for the future application of FPG diets in goats.
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Introduction: Toll-like receptor 4 (TLR4) identifies Gram-negative bacteria or their products and plays a crucial role in host defense against invading pathogens. In the intestine, TLR4 recognizes bacterial ligands and interacts with the immune system. Although TLR4 signaling is a vital component of the innate immune system, the influence of TLR4 overexpression on innate immune response and its impact on the composition of the intestinal microbiota is unknown.

Methods: Here, we obtained macrophages from sheep peripheral blood to examine phagocytosis and clearance of Salmonella Typhimurium (S. Typhimurium) in macrophages. Meanwhile, we characterized the complex microbiota inhabiting the stools of TLR4 transgenic (TG) sheep and wild-type (WT) sheep using 16S ribosomal RNA (rRNA) deep sequencing.

Results: The results showed that TLR4 overexpression promoted the secretion of more early cytokines by activating downstream signaling pathways after stimulation by S. Typhimurium. Furthermore, diversity analysis demonstrated TLR4 overexpression increased microbial community diversity and regulated the composition of intestinal microbiota. More importantly, TLR4 overexpression adjusted the gut microbiota composition and maintained intestinal health by reducing the ratio of Firmicutes/Bacteroidetes and inflammation and oxidative stress-producing bacteria (Ruminococcaceae, Christensenellaceae) and upregulating the abundance of Bacteroidetes population and short-chain fatty acid (SCFA)-producing bacteria, including Prevotellaceae. These dominant bacterial genera changed by TLR4 overexpression revealed a close correlation with the metabolic pathways of TG sheep.

Discussion: Taken together, our findings suggested that TLR4 overexpression can counteract S. Typhimurium invasion as well as resist intestinal inflammation in sheep by regulating intestinal microbiota composition and enhancing anti-inflammatory metabolites.

KEYWORDS
 TLR4, intestinal microbiota, 16S rRNA, inflammation, immune


1. Introduction

Salmonella Typhimurium (S. Typhimurium), a zoonotic pathogen causing public health hazards, is endemic in many countries, where it causes significant economic losses due to the gastrointestinal infections in ovine hosts (Alvseike and Skjerve, 2002). Outbreaks of S. Typhimurium in sheep flock is characterized by rapid spread and severe mortality in ewes and lambs. Sheep are hosts for the pathogens of latent zoonoses, and larger Salmonella outbreaks have been reported in association with the consumption of sheep meat (Carson and Davies, 2018). Recurrent epidemics of salmonellosis in New Zealand associated with exposure to sheep (Baker et al., 2007). Toll-like receptors (TLRs), a family of pattern-recognition receptors expressed mainly in innate immune cells, are essential to initiating inflammatory responses as well as early immune defenses by detecting pathogen-associated molecular patterns (PAMPs) from a variety of pathogens (Kawai and Akira, 2007). During infection, TLR4 specifically recognizes endotoxin lipopolysaccharide (LPS), a primary component of Gram-negative bacteria, which induces immune cells such as macrophages and neutrophils to produce many pro-inflammatory cytokines, including interleukin (IL)-8, IL-6, IL-1β and IL-12 and tumor necrosis factor α (TNFα), to eliminate the invading pathogens (Ramachandran, 2014). Understanding the resistance of TLR4 to S. Typhimurium infection will help reduce clinical disease in animals and decrease the risk of foodborne transmission.

Importantly, TLRs recognize not only pathogens, but also commensal bacteria, and this interaction is crucial to maintain homeostasis in the intestinal epithelium cells under normal physiological conditions. The intestinal bacteria are a very complex and diverse ecosystem consisting of millions of microorganisms that inhabit the mammalian gastrointestinal tract. The phyla Firmicutes (Gram-positive) and Bacteroidetes (Gram-negative) are the dominant phyla of sheep gut microorganisms that produce various metabolites capable of influencing the physiology of the host (Zhang et al., 2022). Whereas bacteria belonging to the Proteobacteria, Verrucomicrobia, or Actinobacteria phyla are usually minor constituents. Ruminococcaceae is the main microorganisms in the intestinal tract of sheep and is related to energy metabolism and has an important role in the degradation of cellulose and starch (Sun et al., 2019).

Intestinal bacteria not only promote nutrients absorption by secreting enzymes to break down other indigestible substances, but they are also involved in inflammation, immune system development, and the gut-brain axis regulation (Hill and Artis, 2010; Lozupone et al., 2012; Karakan et al., 2021). Disruption of microbiota structure is related to diseases, including obesity, malnutrition, autoimmunity, inflammatory bowel disease (IBD), and infectious diseases (Donskey et al., 2000; Ley et al., 2005; Frank et al., 2007; Turnbaugh et al., 2008; Wu et al., 2010; Elinav et al., 2011; Kau et al., 2011). Among these, the presence of commensal bacteria in the gut seems to be crucial for the pathogenesis of IBD, including Crohn’s disease and ulcerative colitis. Chronic inflammation of the gut is usually characteristic of these diseases and is considered to be due to abnormal activation of the immune system by bacteria (Farrell and LaMont, 2002; Mirsepasi-Lauridsen et al., 2019). In healthy conditions, the intestinal mucosal barrier separates the gut bacteria from the rest of the host and consists of epithelial cells and proteins that participate in mucosal homeostasis (Okumura and Takeda, 2017). Bacterial products linking TLRs to intestinal epithelial cells can promote epithelial cell proliferation, IgA secretion and antimicrobial peptides expression (Abreu, 2010; Venkatesh et al., 2014). The presence of IgA decreases intestinal pro-inflammatory signaling in the host (Visekruna et al., 2019). Therefore, the immune system also affects the intestinal bacteria composition. The segmented filamentous bacteria (SFB) expanded aberrantly in the gut of mice deficient in IgA (Suzuki et al., 2004). Deficiency of NLRP6 in mouse colonic epithelial cells results in altered fecal microbiota characterized by increased colitis in NLRP6 KO mice and wild-type (WT) mice (Elinav et al., 2011). Alterations in the composition of the gut microbiota have also been associated with TLR signaling. The cecal microbiota of mice genetically deficient in TLR5, for instance, different from WT littermates in 116 bacterial phylotypes from diverse phyla (Vijay-Kumar et al., 2010). The distal gut bacterial composition was altered in MyD88-deficient mice, with higher abundance of the Rikenellaceae and Porphyromonadaceae bacterial families in cecal microbiota (Wen et al., 2008).

Given that the immune system has an impact on the gut microbiota, in this study, we were concerned about the role of TLR4 signaling in defense against Salmonella S. Typhimurium (a food borne pathogen) invasion and on the intestinal microbiota composition of sheep. We analyzed the microbiota of TLR4 overexpressing sheep and their WT controls using high-throughput sequencing of 16S rRNA genes amplified from fecal samples. An objective of the current study was to determine whether TLR4-overexpressing alters the composition of the intestinal microbiota in sheep.



2. Materials and methods


2.1. Ethics statement

All sheep were housed in accordance with the national feeding standard NT/T815--2004. All procedures performed for this study were consistent with the National Research Council Guide for the Care and Use of Laboratory Animals. All experimental animal protocols in this study were approved and performed in accordance with the requirements of the Animal Care and Use Committee at China Agricultural University (approval number AW81012202-1-3).



2.2. Animals

The linear vector including ovis aries TLR4 (Figure 1A) was microinjected into the fertilized egg to obtain founder transgenic (TG) sheep (Deng et al., 2012). The founder TG sheep were bred with WT sheep to breed offspring. In the offspring, healthy female sheep aged 2 ∼ 3 years were identified as WT or TG by Southern blotting (Roche Diagnostics, Germany) (Bai et al., 2015).

[image: Figure 1]

FIGURE 1
 TLR4 overexpression assay in sheep. (A) Structure diagram of CMV-ovis aries TLR4 overexpression vector. (B) Identification of TG sheep by representative southern blot based on the presence of the TLR4 transgene. TG sheep have both an endogenous 4,700 bp TLR4 band and an exogenous 2,771 bp TLR4 band. Marker, 1 kb ladder. (C) Morphology of isolated macrophages. (D) Sheep macrophages were isolated from peripheral blood and their morphology was highlighted by Giemsa staining. (E) The mRNA expression of TLR4 in macrophages was examined by qRT-PCR. (F) TLR4 protein expression in macrophages was analyzed using western blotting. Compared with WT macrophages, the TLR4 protein level in TG macrophages was significantly higher. (G) The data of western blot were analyzed statistically. TG, transgenic; WT, wild-type. Error bars indicate SD, N = 4; *p < 0.05, **p < 0.01.


20 μg genomic DNA from ear tissue was extracted and digested by HindIII (New England Biolabs, Britain). Designed Southern blotting probes and prepared PCR products. The primer used are following: forward 5′-ACTGGTAAAGAACTTGGAGGAGG-3′ and reverse 5′-CCTTCACAGCATTCAACAGACC-3′, and the 671-bp PCR product labeled with digoxigenin (Roche Diagnostics, Germany). There were five Ovis aries in the TG group and five Ovis aries in WT group for the subsequent experiments. In this study, all TLR4 overexpressing and WT female sheep were provided by the Institute of Animal Science and Veterinary Medicine Tianjin Academy of Agricultural Sciences and kept in the same environment.



2.3. Isolation and culture of macrophages

The peripheral blood (10 mL) of sheep was collected from the jugular vein, and peripheral blood lymphocyte separation solution (TBDscience, China) was added promptly. After density gradient centrifugation (2,000 rpm for 30 min at 4°C), the peripheral blood mononuclear cells were washed with PBS. Mononuclear cells were resuspended in RPMI 1640 medium (Gibco, USA) supplemented with 10% fetal bovine serum (FBS, Gibco) and 1% penicillin–streptomycin, then cultured in 6-well culture plates at 37°C with 5% CO2. After 2 h of incubation, the wells were washed with PBS to remove non-adherent cells, and single adherent mononuclear cell was differentiated into spindle-shaped macrophages, giving rise to proliferating clones after 1 week (Figure 1C).



2.4. Macrophages infection and colony-forming unit counts

The S. Typhimurium was preserved in our laboratory. The bacterial strain was cultured in Luria broth (LB) medium at 37°C to the logarithmic growth phase for later using. To detect the phagocytic capability of the TG and WT macrophages, cells were infected with live S. Typhimurium CVCV541. The bacteria were suspended in RPMI-1640 medium (Thermo Fisher Scientific, USA) with 10% FBS. Then the adherent macrophages were infected with S. Typhimurium at two different levels of MOI (5 and 10) for 5, 15, and 30 min, and were washed with PBS including 100 μg/ml gentamicin. Then the cells were lysed by 0.25% tritonX-100 to release intracellular bacteria and the number of intracellular survival bacteria was quantified by counting CFUs after serial dilution.

In order to determine the bacterial clearance capacity in macrophages, macrophages were first infected with S. Typhimurium CVCV541 for 30 min. Extracellular bacteria were removed by washing the macrophages with PBS including 100 μg/mL gentamicin for three times. Then add RPMI-1640 containing 10% FBS to the cells for 30 min, which was recorded as the time point 60 min. The cells were washed and lysed with 0.25% Triton X-100 (in PBS). Calculate the phagocytosis time from the time of adding bacteria. The data on the number of cleared bacteria were accessed by subtracting intracellular bacteria number in 60 min from the bacteria number in 30 min.



2.5. Quantitative real-time PCR (qRT-PCR)

In order to compare the expression of factors between the TG and WT groups in sheep under the attack of S. Typhimurium, the cells were treated with S. Typhimurium SL1344 for 0, 0.5, and 4 h at a MOI of 10, and the mRNA expression of related genes was detected and quantified by RT-PCR. Total RNA from sheep macrophages was extracted using RNA extraction kit (Aidlab, Beijing, China) according to the manufacturer’s instructions. RNA was treated with DNAse I to remove any residual DNA, and the quantity and quality of RNA were assessed with a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA). The extracted 1 μg of RNA was reverse transcribed into cDNA using PrimeScript RT kit (TaKaRa). The cDNA was analyzed by RT-qPCR. The gene primers shown in Table 1 were synthesized from tsingke (Beijing, China). qRT-PCR was performed using the SYBR Premix Ex Taq II kit (TaKaRa, Kyoto, Japan). Mx3000P instrument (Agilent Technologies, USA) was used to acquire RT quantitative PCR data. The qPCR equipment automatically calculates the cycle number of PCR product fluorescence above the background signal, referred to as the cycle threshold (Ct). The data were analyzed using the comparative Ct technique (2−ΔΔCT method) by averaging the Ct values from three replicates, and the expression levels of mRNA were normalized to housekeeping gene GAPDH mRNA levels.



TABLE 1 The primer sequences for quantitative polymerase chain reaction.
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2.6. Western blot

Cell proteins were extracted with RIPA lysis buffer (Beyotime, Beijing, China). The protein concentrations were determined by bicinchoninic acid (BCA) protein assay kit (Cwbio, Jiangsu, China), and then boiled at 95°C with 6 × loading buffer for 8 min. Samples were separated by 10% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immediately transferred onto 0.22 μm polyvinylidene fluoride membranes (Millipore, USA), the membranes were blocked with Tris-buffered saline with Tween 20 (TBST) containing 5% nonfat milk at room temperature for 60 min. After washing three times, the membranes were incubated overnight at 4°C with anti-TLR4 (1:1,000 dilution, AF7017, Affinity). Then blots were bound with horseradish peroxidase (HRP)-conjugated secondary antibodies (1:20,000 dilution, Proteintech) for 60 min at 37°C. After washing again with TBST three times, experimental results were obtained by the pierce enhanced chemiluminiscent (ECL) western blotting kit (Thermo Scientific), and imaged by chemiluminescence system (BIO-RAD, USA).



2.7. Fecal samples collection

Ten adult female sheep were used for this work. They were divided into two groups, five TLR4 overexpressing sheep for the experimental group (TG group), along with five WT sheep for the control conditions (WT group). Fecal samples were taken from the TG and WT groups with clean plastic gloves in autumn. Fresh and individualized samples were collected from two groups of sheep. Samples are transported on dry ice and stored at −80°C for subsequent experiments.



2.8. DNA extraction of fecal samples

Total bacterial genomic DNA samples were extracted from 10 sheep fecal samples using the Fast DNA SPIN extraction kits (MP Biomedicals, USA), according to the manufacturer’s protocol (n = 10). The quantity and quality of isolated DNA quantity and quality were determined by a spectrophotometer (NanoDrop 2000; Thermo Scientific, USA) and agarose gel electrophoresis, respectively (Supplementary Figure S1). The extracted sample DNA was stored at −20°C until used for PCR amplification and sequencing.



2.9. Bacterial 16S rRNA library construction and sequencing

The prokaryotic 16S rRNA gene libraries were generated from the extracted DNA using amplicon PCR with variable V3–V4 region (Forward, ACTCCTACGGGAGGCAGCA and Reverse, GGACTACHVGGGTWTCTAAT) and the Illumina 16S Sample Preparation Guide. Preparation of 25 μL PCR components for amplification. The amplification procedure consists of an initial denaturation at 98°C for 2 min, followed by 25 cycles consisting of denaturation at 98°C for 15 s, annealing at 55°C for 30 s, extension at 72°C for 30 s, and a final extension at 72°C for 5 min, hold at 10°C. Unbound primers, other contaminants, and primer dimer fragments were removed and quantified. The purified samples were collected in equimolar amounts, and paired-end sequencing was performed with the IllluminaMiSeq platform at Shanghai Personal Biotechnology Co., Ltd. (Shanghai, China).



2.10. 16S rRNA gene sequencing analysis

The Quantitative Insights into Microbial Ecology (QIIME) pipeline was employed to carry out the quality control of the sequencing data (Bolyen et al., 2019). Specifically, the original sequencing reads were accurately matched to the barcodes assigned to the respective samples and determined as valid sequences. The software package DADA2 was applied (Callahan et al., 2016). When there is at least 12 bp overlap between the two reads, the reads are merged and the chimera is eliminated. The product was an amplified sequence variant (ASV) table, which has a higher-resolution and reasonable analog than the traditional operational taxonomic units (OTU) table (Callahan et al., 2017).

Sequences were classified from the phylum level to the species level. To classify and identify sequence reads using Silva version 132 as a reference database (Pruesse et al., 2007). This was achieved through the functions in the DADA2 package: assingSpecies and assingTaxonomy. The samples herein after extraction, total reads, final reads, and taxa are shown in Supplementary Table S1. ASVs from the same phylum were combined into respective groups. The default arguments of functions were applied.



2.11. Statistics

Statistical and bioinformatics analysis of 16S rRNA gene sequencing. The within-community diversity (α-diversity), including Chao1 richness, Shannon diversity index, and Simpson index, were detected using the ASV table in QIIME. ASV-level abundance curves were generated to compare the richness and homogeneity of ASVs in samples. Changes in community composition (β-diversity) was performed by the principal coordinates analysis (PCoA), weighted and unweighted UniFrac NMDS analysis, as well as hierarchical clustering analysis based on weighted UniFrac distances. They were performed by QIIME and R software. The Gram-positive/Gram-negative ratio was calculated by dividing the number of Actinobacteria and Firmicutes sequences by the number of Gram-negative bacteria (here defined as those phyla containing Hsp60 inserts, which are considered to most closely reflect the traditional concept of gram-negative bacteria) (Sutcliffe, 2010; Gupta, 2011). The relative abundance of Gram-positive and Gram-negative bacteria was also calculated by dividing each group by the total number of sequences found in each group. The linear discriminant analysis (LDA) and LDA effect size (LEfSe) methods were used to detect taxa of different abundant in each group. The Spearman correlation was used for correlation analysis, and the ASV table was centered and log-transformed before calculating the correlation. Use the ggplot package for visualization and plotting. Functional prediction of the intestinal microbiota was performed on Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt 2) (Douglas et al., 2020).

All the bar and box plots were generated using GraphPad Prism version 8.0 (GraphPad Software, USA). All data were expressed as mean ± SD. One-way ANOVA was used for statistical analysis, followed by the Turkey test for multiple comparisons (*p < 0.05, **p < 0.01).




3. Results


3.1. Identification of the TLR4-overexpressing TG sheep

To confirm TLR4 expression vector (Figure 1A) is integrated into the genome of TG sheep bred in our previous research, TLR4 fragment was observed using Southern blotting. The genomes of TG and WT sheep were dissected using the restriction enzyme Hind III. TG sheep both had an endogenous TLR4 fragment of 4,700 bp and 2,771 bp exogenous TLR4 gene, whereas WT sheep had only a 4,700 bp endogenous TLR4 fragment (Figure 1B).

Monocyte-derived macrophages were obtained from sheep peripheral blood and identified by giemsa stain. The successfully isolated cells were spindle-shaped with round nuclei, some pseudopodia and vacuoles (Figure 1C). And the nuclei were darkly colored as observed by giemsa stain (Figure 1D). To further examine the TLR4 expression level, RT-PCR and Western blotting were used for evaluation, respectively. The mRNA and protein levels of TLR4 in TG macrophages were apparently higher than in WT macrophages (Figures 1E–G).



3.2. TLR4 overexpression increased phagocytosis and clearance of Salmonella Typhimurium and facilitated activation of multiple TLR4-mediated cytokines

As immunocompetent cells, macrophages have a central role in body’s defense. We examined the phagocytotic capacity of TLR4 macrophages for S. Typhimurium CVCC541 through plate colony counting method. The amount of internalized S. Typhimurium in the TG and WT macrophages both enhanced with the duration of infection. However, the levels of S. Typhimurium in TLR4 overexpression macrophages were significantly higher (p < 0.05) than WT macrophages at different times after live S. Typhimurium treatment, regardless of the MOI 5 or 10 (Figure 2A). In other words, these TLR4 macrophages possessed a stronger engulfing capacity than that of WT macrophages. For further confirm the role of TLR4 in controlling bacterial growth, we used the CFUs assay to assess the clearance capacity of S. Typhimurium by TLR4 macrophages. The number of viable bacteria growing on the agar plates was determined after 16 h as CFU. Macrophages were infected for a fixed time with S. Typhimurium and then examined the elimination capacity of S. Typhimurium in TLR4 overexpressing macrophages and WT macrophages after 1 h post infection (Figure 2B). The bacterial killing capacity of S. Typhimurium in TLR4 macrophages was dramatically higher than that in the WT group at MOI 10 after infection with live S. Typhimurium (Figure 2B). These data demonstrated that TLR4 not only elevates the phagocytotic capacity of S. Typhimurium, but also effectively controls S. Typhimurium growth within macrophages.
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FIGURE 2
 TLR4-overexpressing promotes the activation of cytokines and increases S. Typhimurium phagocytic uptake and killing. (A) Different infection times with S. Typhimurium (MOI = 5 or 10) and intracellular S. Typhimurium were detected in TG and WT macrophages. (B) The clearance of S. Typhimurium in macrophages was analyzed by CFU method. Macrophages were treated with S. Typhimurium (MOI = 10) for 30 min. After 30 min, survived S. Typhimurium in macrophages were counted by CFU plating. (C) The expression levels of the pro-inflammatory cytokines like IL-6, TNFα, IL-8 and IL-1β were determined in macrophages by qRT-PCR after S. Typhimurium for 0, 0.5, and 4 h. N = 4; *p < 0.05, ***p < 0.001. TG, transgenic; WT, wild-type; MOI, multiplicity of infection; CFU, colony-forming unit.


Macrophages are critical for inducing specific immune responses and producing soluble cytokines that participate in the regulation of the generated response (Arango Duque and Descoteaux, 2014). To elucidate the effect of TLR4 overexpression on macrophage cytokine expression in the early stages of S. Typhimurium infection, we detected the production of IL-6, IL-1β, IL-8, and TNFα with RT-PCR. The results showed that the expression of IL-6, IL-1β, and TNFα were markedly higher (p < 0.05) in the TG macrophages than in the WT macrophages at 0.5 h after S. Typhimurium stimulation (Figure 2C). Then, at 4 h time points, the production of S. Typhimurium-induced IL-1β, and IL-8 in TLR4-overexpressing macrophages remained higher (Figure 2C). To evaluate responses to the TLR4 ligands were specific to their receptors, macrophages were treated with LPS (100 ng/mL) or Pam3CSK4 (1 μg/mL) and cytokine secretion was assessed. LPS treatment for 48 h significantly enhanced IL-6, IL-1β, and IL-8 expression in TG macrophages compared with WT macrophages, and treatment with TLR2 ligand remained intact, thereby indicating that the elevated cytokines are not compensated by other TLR agonists (Supplementary Figure S2). Taken together, the results suggested that the overexpression of TLR4 promoted the secretion of pro-inflammatory in the early stage of S. Typhimurium stimulation.



3.3. Effects of TLR4 overexpression on the richness and diversity of intestinal microbiome

Sheep fecal microbiota composition profiles were analyzed by the 16S rRNA gene sequencing-based method to explore the function of TLR4 in the intestinal microbiota profile. After removing unqualified sequences following previous reported method, the average number of final sequences used in the bioinformatic analysis was 59,510 per sample with a standard deviation of 11,534 (Table S1). As shown in Venn’s plot in Figure 3A, the two groups overlapped in the composition of 7,545 core microbiota. These overlapping phylotypes accounted for 35.70% (7,545/21,137) and 40.38% (7,545/18,687) of the TG group and WT group, respectively. In the study, microbial community richness and diversity were described through detecting Chao1 and Shannon indices, respectively. We observed no significant changes in Chao1 as well as Shannon indices in the TG group and WT group (Figure 3B; Supplementary Table S2). The Simpson index was also not markedly different in the two groups (Figure 3B; Supplementary Table S2). Moreover, we assessed the similarity of the global microbial community structure by evaluating β-diversity between samples, containing NMDS analysis, PCoA, as well as hierarchical clustering analysis. According to NMDS analysis based on unweighted UniFrac distances, the fecal microbiota of the TG and WT groups indicated two differentiated clusters, reflecting an alteration of fecal microbiota composition in TG sheep (Figure 3C). A similar observation can also be observed in NMDS analysis based on weighted UniFrac distances (Figure 3D).
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FIGURE 3
 Effects of TLR4 on gut microbiota richness and diversity. (A) The venn diagram displayed the overlapping core microbiota of TG group and WT group. (B) Alpha diversity analysis was performed by Chao1 index, Shannon index and Simpson index. (C) NMDS analysis based on unweighted UniFrac distances. (D) NMDS analysis based on weighted UniFrac distances. Each point in the graph represents an individual and the shorter distance between the points, the more similar microbial community structure between individuals. (E) PCoA score plots of ASVs between TG and WT groups. Principal components (PCs) 1 and 2 explain 14.6% and 12.3% of the variance, respectively. The location and distance of the data points indicate the presence of bacterial taxa and the degree of similarity in relative abundance. (F) Hierarchical clustering analysis of ASVs by UPGMA in TG and WT groups. TG1-5: five TLR4 overexpressing sheep, WT1-5: five WT sheep.


PCoA based on unweighted UniFrac distances was used to show the effect of TLR4 overexpression on bacterial community patterns. As seen in Figure 3E, the TG and WT clustered in different coordinate spaces. Additionally, the hierarchical cluster tree constructed based on the unweighted pair group method using average linkages (UPGMA) also indicated an obvious separation between TG group and WT group (Figure 3F, WT4 individual was excluded). In conclusion, the above results denote the significant role of TLR4 in the intestinal bacterial composition.

It is worth noting that the control groups samples showed less bacterial diversity than the TG group. This low diversity could explain why the samples belonging to WT were similar according to NMDS, while individuals in the TG group were more dispersed from one another.



3.4. Intestinal microbiota community structure analysis

Despite this study indicated that alpha diversity was not notably affected by TLR4, the TLR4 overexpression changed the abundance of the intestinal bacteria in sheep. In practice, by using the difference analysis of the DESeq2 package, we further investigated the composition of the intestinal flora affected by TLR4 in TG vs. WT at the phylum levels. Ten different bacterial phyla were determined in two groups, which dominated in most individuals: Firmicutes, Bacteroidetes, Spirochaetes, Proteobacteria, Patescibacteria, Cyanobacteria, Fibrobacteres, Tenericutes, Actinobacteria and Verrucomicrobiota (Supplementary Figure S3). Phylum Bacteroidetes and Firmicutes significantly dominated in two groups, with the sum of the abundance of these two phyla accounting for about 95% of the total. The correlations between microbiota and individuals from the TG and WT groups were visualized by Circos analysis (Figure 4A).
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FIGURE 4
 Microbiota composition of each group and changes at the phylum levels. (A) The correlations of microbiota with the samples in the TG group and WT group were analyzed by Circos. (B) Influence of TLR4 overexpression on sheep in the Firmicutes phylum and Proteobacteria phylum. The abundances of Firmicutes phylum differed significantly between TG and WT. (C) The relative abundance of the Spirochaetes phylum and Bacteroidetes phylum. (D) The pie charts depict the average abundance of Gram-positive and Gram-negative in two groups. (E) The Firmicutes/Bacteroidetes ratio (F/B). N = 5 each group; *p < 0.05 compared with WT group.


On bacterial phyla abundance, Figure 4B shows the Firmicutes phylum was decreased in the TG group compared to the WT group (p = 0.044), which suggests the influence of TLR4 overexpression at this phylum. The Proteobacteria phylum was also decreased through TLR4 expression in TG sheep (p = 0.870), although not significantly compared to the WT group. Interestingly, however, overexpression of TLR4 increased the number of Spirochaetes (p = 0.397). The last phylum, Bacteroidetes, was the one in which TG resulted in significant population growth compared to WT (p = 0.039) (Figure. 4C). Supplementary Figure S4 summarized the abundance of other bacterial phyla.

Subsequently, a more detailed analysis of the proportion of Gram-positive and Gram-negative in the TG and WT was performed. The abundance of Gram-positive was decreased significantly in TG (Figure 4D), TG vs. WT (62.47 vs. 69.70) (Detailed statistical analysis is shown in Supplementary Figure S5). In addition, the Firmicutes/Bacteroidetes (F/B) ratio is widely accepted to have an important influence in regulating the intestinal immune system. We found that a reduction in the gut microbiota (F/B) ratio caused by TLR4, also reduced the number of gram-positive Firmicutes (p < 0.05) (Figure 4E).

Further, the taxonomic compositions between the TG and control groups were also specifically performed at the family and genus levels (Figure 5A). At the family level, overexpression of TLR4 significantly improved the abundance of Prevotellaceae(p < 0.05) (Figure 5B), which metabolize short-chain fatty acids (SCFAs), enhances host intestinal barrier, and exert anti-inflammatory effects. Moreover, overexpression TLR4 reduced the abundance of Ruminococcaceae (p < 0.05), Christensenellaceae (Figure 5C). They produce LPS that induce inflammation and oxidative stress.
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FIGURE 5
 The impact of TLR4 overexpression on the composition of the intestinal microbiota in family and genus levels. (A) The relative abundance of fecal microbiota at the family level in all samples. (B) Relative abundances of Prevotellaceae. (C) Relative abundances of Ruminococcaceae and Christensenellaceae. (D) The relative abundance of fecal microbiota at the genus level. (E) Using phylogenetic tree to show evolutionary relationships of microorganisms at the genus level. (F) Box diagram of apparent changes in relative abundance at genus level. N = 5 each group. * p < 0.05 compared with the WT.


At the genus level, after filtration to remove genera showing abundance of <0.1% in the two groups, a total of 49 genera were recognized in the fecal samples, and the variation in these genera in the two groups were summarized in Supplementary Table S3. Ruminococcaceae_UCG-005, Christensenellaceae_R-7_group, Rikenellaceae_RC9_gut_group and p-251-o5 were the principal bacterial genera. Genera with relative abundance was >5%, and the composition structure of the main microbiota among aindividuals is shown in Figure 5D. The phylogenetic tree reflected the evolutionary relationships of bacteria at the genus level (Figure 5E). As seen in Figure 5F, the 10 most abundant genera in the TG group had genera that were markedly different from those in the WT group. Compared with WT group, the relative abundances of Ruminococcaceae_UCG-010, Ruminococcaceae_UCG-013, [Eubacterium]_coprostanoligenes_group and Ruminococcaceae_NK4A214_group were suppressed in the TG group (p < 0.05). The high expression of TLR4 also improved the abundance of Ruminococcaceae_UCG-005, Rikenellaceae_RC9_gut_group, p-251-o5, and Bacteroides (p > 0.05) (Supplementary Figure S6).The results of other levels are listed in Supplementary Figure S7.



3.5. TLR4 Overexpression altered key phylotypes of fecal microbiota

In order to visually recognize the key phylotypes of intestinal bacteria in two groups, we applied LEfSe analysis in TG sheep and WT sheep. The LDA results suggested the TG group had 12 discriminative features (LDA > 2, p < 0.05), with Bacteroidia, Bacteroidetes and Bacteroidales being the main microbiota. WT group also displayed 16 dominant microorganisms, and the primary microbiota were Ruminococcaceae_UGG_010, Ruminococcaceae_UGG_013, Ruminococcaceae_NK4A214_group (Figure 6A). Subsequently, an evolutionary clustering analysis diagram was delivered to identify main microflora by taxonomy (Figure 6B). In cladogram, Bacteroidetes had the highest flora abundance in the red parts and firmicutes was the richest in the blue area, which represented TG group and WT group, respectively. TLR4-induced changes in sheep microbes showed differences at the phylum and family levels, and some relative abundance changes at the genus level were also identified. In general, these results demonstrated that TLR4 expression changed the key phylotypes of gut microbiota in sheep feces and improved the proliferation of specific bacteria.
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FIGURE 6
 TLR4 modulated key phylotypes of gut microbiota in TG and WT. (A) LDA score. The enriched taxa with an LDA score > 2 is displayed in bar chart (p < 0.05). A larger LDA score indicates a more prominent microbiota composition. (B) LEfSe analysis on microbes in sheep feces on TLR4. The colored nodes from inner circle to outer circle showed the hierarchical relationship of all taxa from the phylum to the genus level. The enriched taxa in TG sheep were reported in red whereas taxa enriched in WT sheep were displayed in blue, then taxa with no significant variation were painted in white. The size of the diameter of each circle represents the taxa abundance. N = 5 individuals/group.




3.6. Role of TLR4 in metabolic pathways

Network analysis was applied at the ASV level, as displayed in Figure 7A. To determine the metabolic function of intestinal microbiota, the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways were examined using PICRUST 2. The signaling pathways were enriched in cellular processes, environmental information processing, genetic information processing, human disease, metabolism, and organismal system pathways by KEGG functional annotation analysis (Figure 7B).
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FIGURE. 7
 Correlation analysis of intestinal microbiota and metabolic pathways. (A) Network analysis. The inter-node linkage indicates an association in the two nodes being joined. (B) The relative abundance of metabolic pathways. (C) The heat map of the KEGG enriched pathways. N = 5 individuals/group.


Moreover, 30 level 2 KEGG orthology groups were analyzed in our samples. The results demonstrated that compared with WT, the top three increased functional abundances were the metabolism of other amino acids, glycan biosynthesis and metabolism, and energy metabolism in TG group (Figure 7B). Whereas pathways in the cell motility, transcription, signal transduction, and endocrine system were significantly decreased by TLR4 overexpression (p < 0.05). In the KEGG function analysis, the top three raised functional abundances were K03088 (RNA polymerase sigma-70 factor, ECF subfamily), K02529 (LacI family transcriptional regulator), K02014 (iron complex outer membrane receptor protein), whereas the top three reduced functional abundances were K01990 (BC-2 type transport system ATP-binding protein), K06147 (ATP-binding cassette, subfamily B, bacterial), K01992 (ABC-2 type transport system permease protein) in the top 50 highest abundances of KEGG orthology (Figure 7C, Supplementary Figure S8).

Furthermore, in the clusters of orthologous groups (COGs) analysis, the findings reflected that the three most increased functional abundances of microbial community were cell wall/membrane/envelope biogenesis; post-translational modification, protein turnover, and chaperones; carbohydrate transport and metabolism, and the three most decreased in microbial community functional abundances were transcription, cell motility and signal transduction mechanisms (Supplementary Figure S9). In conclusion, these discoveries indicated that TLR4 may cause changes in gut microbiota and their associated biological function, possibly driven by specific bacterial species involved in different metabolic pathways.




4. Discussion

TLR4 is a type of pattern recognition receptor with a prominent role in the innate immune system, and exists in different cell types like epithelial and immune cells. It identifies bacterial LPS, a specific antigen on cell membranes of Gram-negative bacteria like S. Typhimurium, capable of stimulating downstream signaling cascades that activate NF-κB or the production of cytokine secretion. Nevertheless, the defense mechanisms of TLR4 overexpression in sheep against invading pathogens are still incompletely clear. In the present research, using macrophages isolated from the venous blood of TG and WT sheep, we examined the cytokines expression downstream of TLR4 under S. Typhimurium stimulation. Our data indicated that the production of pro-inflammatory cytokines, like IL-6, IL-1β, IL-8, and TNFα, was notably higher in TG group than the control group at different time points. These data illustrated that S. Typhimurium induces a stronger natural immune response in TLR4 overexpressing TG sheep. The TG group exhibited higher phagocytosis levels than the control group, in other words, more S. Typhimurium could be phagocytosed in the TLR4 overexpressing TG sheep. This result is coherent with other studies (Ghosh et al., 2015; Tan et al., 2015; Li et al., 2021). Consequently, TLR4 is of unparalleled importance in regulating phagocytosis and elimination of pathogens as part of the host defense mechanism.

The TLRs are associated with microbial colonization. The expression of TLR2, TLR4, and TLR5 in the jejunum of newborn ruminants was significantly correlated with the relative abundance of bacteria, which play an important role in intestinal defense during the passive immune transfer period (Zhu et al., 2021). Correlation analysis indicated that TLR4 expression was negatively correlated with the relative abundance of Bradyrhizobium and Rudaea. The genomic response to LPS in sheep blood is quite similar to that observed in human blood, supporting the use of sheep models for studies simulating human inflammatory diseases and the study of TLR-based immunomodulators (Enkhbaatar et al., 2015). Stool mainly reflects the colonic microbiota. We have utilized genetic overexpression and high-throughput sequencing techniques in sheep to confirm whether TLR4 signaling affects gut microbiota composition. Herein, careful comparison of the TLR4-overexpressing TG sheep and WT control sheep, however, demonstrated that the overexpression of TLR4 does not cause noticeable changes in intestinal microbiota richness. Intriguingly, it was unexpected that individuals in the samples of the TG group were more dispersed has suggested TLR4 can appropriately increase bacterial diversity. Furthermore, β-diversity analysis like PCA, NMDS analysis as well as Hierarchical clustering analysis demonstrated that the whole microbial community structure in the TLR4-overexpressing TG sheep significantly different from the WT group. High intestinal bacteria diversity plays central roles in maintaining intestinal stability. Studies have highlighted that early infection with S. Typhimurium can greatly inhibit the survival of other intestinal microbes and decrease the diversity of the gut bacterial communities (He et al., 2020). This is consistent with our results that the TG group can eliminate S. Typhimurium by inducing high levels of cytokine secretion, indicating that TLR4 overexpression is beneficial for improving intestinal diversity and maintaining intestinal stability.

Multiple significant differential taxonomic shifts between the TG sheep and the WT sheep were identified by 16S rRNA gene sequencing analysis. Bacteroidetes and Firmicutes are two of the most abundant bacterial phyla in host gut, and are thought to play a prominent role in regulating host carbohydrate, lipid, and bile acid metabolism (Tremaroli and Bäckhed, 2012; Tuncil et al., 2017). Our results reported that TLR4-overexpressing reduced the Firmicutes, the predominant Gram-positive phylum in the gut, which is potentially due to the reduction in the Ruminococcaceae family and Christensenellaceae family. TLR4 had a reparative effect on dextran sulfate sodium (DSS)-induced intestinal damage by upregulating IL-6 and colony stimulating factor 3 (CSF3) (Shi et al., 2019a; Shi et al., 2019b). Alterations in intestinal microbiota were involved in the regulation of inflammatory factor expression, with Ruminococcaceae negatively correlated with IL-6 and TNF-α (Wang et al., 2022). Besides, overexpression of TLR4 also resulted in an increased abundance of SCFA-producing bacteria, like Bacteroidetes, a class of gut beneficial microbes thought to enhance immune function and protect intestinal health. In patients with IBD, pro-inflammatory microbes including Ruminococcus gnavus and proteobacteria were increased, and a decrease in anti-inflammatory microbes like Bacteroidetes, were found (Dalal and Chang, 2014; Wu et al., 2020).The protective effect of other Bacteroides in animal models of colitis has also been demonstrated in previous studies (Delday et al., 2019). Additionally, at the family level, the Prevotellaceae family significantly increased in the TG group, which may be beneficial because it promotes the production of SCFAs, such as butyric acid. SCFAs stimulate the production of antimicrobial peptide substances by intestinal cells, reducing the pH in the host gut, which helps reduce the invasion and colonization of Salmonella, inhibit the development of gut inflammation, and maintain intestinal health (Fernández-Rubio et al., 2009; Kelly et al., 2015). Additionally, changes in the abundance of specific bacterial species are also deeply associated with corresponding biological functions. At the genus level, we found that, the relative abundance of Ruminococcaceae_UCG-005, Rikenellaceae_RC9_gut_group, p-251-o5, Bacteroides were up-regulated in TG group compared to WT group. Then, the abundances of Ruminococcaceae_UCG-010, [Eubacterium]_coprostanoligenes_group, Ruminococcaceae_NK4A214_group and Ruminococcaceae_UCG-013 were significantly decreased in the TLR4-overexpressing sheep. Ruminococcaceae-UCG-010 and UCG-005 have the function of carbohydrates degradation and these communities may contribute to further fermentation of feed (Kabel et al., 2011; Kim et al., 2011).

The ratio F/B is considered to measure as a marker of imbalance and dysfunction of the intestinal microbiota (Tilahun et al., 2022). Previous studies on obesity have also shown that a high-fat diet induces an increase in the F/B ratio, which is strongly associated with intestinal immune inflammation (Min et al., 2019; Li et al., 2021). In the 16 s rDNA sequencing analysis, a reduce of F/B ratio was observed in TG group, suggesting that TLR4 gene has beneficial effect in regulating gut dysbiosis. The decrease in microbial diversity is mainly manifested by an increase in abundance of facultative anaerobes, especially the phylum Proteobacteria (Shin et al., 2015). Furthermore, the increased prevalence of Proteobacteria causes dysregulation of gut microbes and is linked to diabetes, inflammation, and cancer (Shin et al., 2015). The decrease in the relative abundance of Proteobacteria observed in TG group also reflected the higher anti-inflammatory capacity and stable gut bacteria in the TG group from side. Furthermore, LEfSe analysis was applied to recognize the pivotal phylotypes of bacteria between TG and WT. Results illustrated that the principal microbiota among TG sheep were Bacteroidia, Bacteroidetes, Bacteroidales completely different from Ruminococcaceae_UGG_010, Ruminococcaceae_UGG_013, Ruminococcaceae_NK4A214_group in WT group. Overall, our findings suggested that overexpression of TLR4 affected the composition of intestinal microbiota and improved some key bacterial species abundance in sheep. Recognition of gut bacteria via TLR4 has a crucial role in protecting host from direct harm, and imbalanced interaction among gut bacteria and TLR4 may promote chronic inflammation and disease development, such as IBD. We provide evidence for a connection between TLR4 overexpression and the intestinal microbial structure and composition in sheep. This finding implied that TLR4 can regulate the intestinal microbial ecology.

Another function of the gut microbiome is to regulate host metabolism. Compared with the control, some metabolic pathways were enriched in TG. For instance, the abundance of the metabolism of other amino acids, glycan biosynthesis and metabolism, and energy metabolism in TG group were increased by TLR4 overexpression. Differently, the overexpression of TLR4 significantly decreased the function in a cell motility, transcription, signal transduction and endocrine system. Evidence has highlighted that colitis occurrence involves alterations in multiple genes related to signal transduction, immune cell trafficking and cell viability (Meddens et al., 2016; Neurath, 2019). These findings implied that the overexpression of TLR4 in sheep might be responsible for alleviating colitis as well as the increased intestinal barrier functions. Further studies are needed to determine the possible causal relationship.

Due to the notable differences in the microflora of sheep colonized in different institutions and under different housing and dietary conditions. Therefore, in this experiment we paid careful attention to the parental pedigree and feeding practices of sheep. Nonetheless, the limitations of this study should be considered. First, due to the small number of gene-edited large animals, the sample size of this research was restricted. However, a preliminary study with a small sample can be used as an alternative method (Al-Mekhlafi et al., 2020). These results provide evidence as to whether it is worthwhile to expand the study, and may even inform the calculation of sample size in the future study. Second, the interactions between TLR4 and the microbiome may rely on the sampling area. Subsequent experiments should focus on the tissue contents of the duodenum, jejunum, and ileum to fully illuminate the roles of TLR4 in intestinal microbiota composition and gut barrier function.



5. Conclusion

The present research reported that overexpression of TLR4 markedly increased sheep immunity to resist the adverse effects caused by the S. Typhimurium challenge. The results also indicated that the expression levels of IL-6, TNFα, IL-1β and IL-8 are promoted by TLR4 overexpression. In addition, TLR4 overexpression could affect sheep via regulating microbial community structure and composition. The analysis of intestinal microbiota composition revealed that overexpression of TLR4 can decrease the Firmicutes-to-Bacteroidetes ratio and the number of Proteobacteria. At the family level, TG group significantly expanded the growth of Prevotellaceae and suppressed the proliferation of Ruminococcaceae compared with WT group. These findings demonstrated that overexpression of TLR4 can maintain intestinal homeostasis by improving the relative abundance of microbial communities associated with anti-inflammation. The overexpression of TLR4 also reduced the relative abundance of several specific genera that are potentially harmful to sheep health. Thus, TLR4 could significantly alter microbial species in sheep. Prediction of metabolic function suggested that TLR4 can considerably alter the profile of metabolic pathways of bacteria. TG group showed a stronger ability to promote the metabolism of other amino acids, glycan biosynthesis and metabolism, and energy metabolism than WT group. Besides, TG group dramatically suppressed the cell motility, transcription, signal transduction and endocrine system. In summary, TLR4 has potentially beneficial impacts on the host by regulating the type and structure of the intestinal microbiota.
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Introduction: Growth-retarded lambs would reduce the economic incomes of sheep farming. Nutritional interventions are supposed to promote gastrointestinal health and the compensatory growth of growth-retarded lambs. This study evaluated the effects of probiotic supplementation on the growth performance, plasma characteristics and ruminal bacterial community of growth-retarded lambs.

Methods: Twenty-four 50-days old male Hu lambs, including 8 healthy lambs (13.2 ± 1.17 kg) and 16 growth-retarded lambs (9.46 ± 0.81 kg), were used in this study. The 8 healthy lambs were fed the basal diet and considered the positive control (GN), and the other 16 growth-retarded lambs were randomly assigned into 2 groups (basal diet without probiotic [negative control, GR] and basal diet supplementation with 1 g/kg concentrate feed probiotic [GRP]), with each group having 4 replicate pens. The feeding trial lasted for 60 days with 7 days for adaptation.

Results: The results showed that dietary supplementation with probiotic increased (p < 0.05) the average daily gain and dry matter intake of growth-retarded lambs. For growth-retarded lambs, supplementation with probiotic increased (p < 0.05) the activities of superoxide dismutase and glutathione peroxidase, as well as the concentrations of growth hormone and immunoglobulin G. Furthermore, the highest (p < 0.05) concentrations of interleukin-6, interferon-gamma and tumor necrosis factor alpha were observed in the GR group. The concentrations of total volatile fatty acids and acetate in growth-retarded lambs were increased by probiotic supplementation (p < 0.05). The relative abundances of Ruminococcus, Succiniclasticum and Acidaminococcus were lower (p < 0.05) in growth-retarded lambs. However, probiotic supplementation increased (p < 0.05) the relative abundances of these three genera.

Discussion: These results indicate that dietary supplementation with probiotic are promising strategies for improving the growth performance of growth-retarded lambs by enhancing immunity and altering the ruminal microbiota.

KEYWORDS
 growth-retarded lamb, growth performance, probiotic, plasma variables, ruminal bacterial community


1. Introduction

In the current intensive production system, a certain number of lambs are growth-hindered for various reasons, resulting in “growth-retarded lambs.” Severe malnutrition during the gestation or neonatal periods (Du et al., 2010), illness followed by pneumonia or coughing, and infection with parasites can restrict the healthy development and growth of animals (Gu et al., 2017; Ma et al., 2020b). The growth-retarded lambs with low body weight and feed conversion rate, high morbidity and mortality could reduce the economic incomes of sheep farming, thus, promoting the compensatory growth of growth-retarded lambs is an urgent issue to be addressed.

The healthy development of the gastrointestinal tract plays an important role in nutrient absorption, immune system development and healthy growth of animals (Celi et al., 2017). Zhang et al. (2018) demonstrated that the intestinal development was delayed and intestinal integrity, immune function, and oxidative status were impaired in intrauterine-growth-retarded suckling lambs. A study on the growth-retarded yaks revealed that they had lower rumen weight compare to the normal yaks (Hu et al., 2016). Ma et al. (2020a) inferred that the gastrointestinal development of growth-retarded yaks was dysplastic, as evidenced by the lower papillae height and surface area of the rumen. Severe malnutrition during the early lives of animals do harm for the structure, functions and microflora of gastrointestinal tract, and subsequently restricts the growth of animals (Meyer and Caton, 2016; Zhang et al., 2018). Looking for an effective additive to promote the gastrointestinal tract development may be a feasible method to improve the compensatory growth of growth-retarded lambs. On the other hand, the intestinal microbiota has a critical effect on regulating gastrointestinal homeostasis and function of host. Parker et al. (2017) reported that the stability of the microbial community is beneficial for the host. Ma et al. (2021a) found that modulating the microbiota (increase the relative abundances of Ruminococcaceae, Treponema, Clostridiaceae, Prevotellaceae, and Lachnospiraceae, which were related to oligosaccharide, starch, and cellulose degradation) in gastrointestinal of growth-retarded yaks could effectively enhance the digestibility, gastrointestinal fermentation and digestive enzyme activity. Considering the complex interplay between gut microbiota and host health, interventions based on the modulation of gut microbiota might be one of the potential strategies (Xie et al., 2022).

Currently, probiotics are supposed to have beneficial effect on the host health (World Health Organization, 2001) when they are supplemented with proper amounts. They are used as a safe additive to rebalance the intestinal microflora, prevent diseases, improve inflammation and digestion, and promote growth of animals (Riggs et al., 2006; Kalil, 2014). Lactobacillus spp., Saccharomyces spp., Enterococcus spp., and Bacillus spp. are widely used probiotic supplements in livestock and poultry production (Markowiak and Śliżewska, 2018). Guo et al. (2020) revealed that Lactobacillus sp. is one of the most important bacterial direct-fed microbial used as a growth promoter for ruminants. They have been identified to compete for nutrients in the gastrointestinal and produce antibacterial compounds, which allowed them to occupy specific niches of the gastrointestinal mucosa and activate the innate immune system of young ruminants (Frizzo et al., 2011). Moreover, Bacillus subtilis species were found to improve intestinal health of livestock by regulating immune function to protect against pathogenic challenge (Rolfe, 2000). A study conducted on the effect of B. subtilis on Duhan lambs demonstrated that B. subtilis altered the rumen fermentation pattern and increased the growth performance of lambs (Gao et al., 2023). Du et al. (2018) found that supplementation with probiotics (especially Bacillus spp.) can stabilize the intestinal microbiota of growth-retarded calves and improve their growth performance. In a review paper of Chapman et al. (2011), it was suggested that multi-strain probiotics appear to show greater efficacy than single strains. And Røssland et al. (2005) found that coculture of Lactobacillus with Bacillus cereus could stimulate the biosynthetic capacities of lactic acid strains.

Consequently, we hypothesized that nutritional intervention used to regulate the gastrointestinal microbiota, especially the rumen microbiota, would promote gastrointestinal health and the compensatory growth of growth-retarded lambs. In this study, a probiotic (co-fermented by Lactobacillus acidophilus and Bacillus subtilis) product was supplemented to the basal diet to detect their effects on the growth performance, plasma indices and ruminal bacterial community of growth-retarded lambs. The main objective of the current study is to provide insights into the effective nutritional intervention and its potential mechanisms for promoting the compensatory growth of growth-retarded lambs.



2. Materials and methods


2.1. Probiotic preparation

A probiotic product, provided by Zhejiang KangwanDechuan Technology Co., Ltd. (Shaoxing, China), is co-fermented by Lactobacillus acidophilus (≥1.0 × 109 CFU/g) and Bacillus subtilis (≥1.0 × 109 CFU/g). It was in powder form, so that the probiotic was mixed with the concentrate and fed to lambs.



2.2. Animals, diets, and experimental design

In this study, lambs with body weight at least 10th percentile below the same age lambs were defined as growth-retarded lambs. Twenty-four 50-days old male Hu lambs, including 8 healthy lambs (13.2 ± 1.17 kg) and 16 growth-retarded lambs (9.46 ± 0.81 kg), were used in this study. The 8 healthy lambs were fed the basal diet and considered the positive control (GN), and the other 16 growth-retarded lambs were randomly allotted to GR (the negative control, basal diet without probiotic) or GRP groups (basal diet supplementation with probiotic). The dosage of probiotic was 1 g/kg concentrated feed, which was recommended by the manufacturer. Briefly, 2 lambs with similar BWs within each group were placed and housed in one pen (0.6 × 1.2 m), which was considered an experimental replicate. Thus, there were four replicates in each treatment (n = 4). The feeding trial lasted for 60 days with 7 days for adaptation. The basal diet contained 40% concentrated feed and 60% mixed forages. The concentrated feed was purchased from AB Agri China (Anhui, China) and consisted of corn, soybean meal, wheat bran, soybean hull, stone powder, NaCl, CuSO4, MnSO4, ZnSO4, VA, VD3 and VE. The mixed forage consisted of (per 100 g DM) 14 g wheat straw, 9 g peanut straw, 35 g silage corn, and 42 g soybean curb residue. The concentrate feed and mixed forages were fed individually and their chemical compositions are shown in Table 1. All lambs had free access to water and feed. The amount of feed offered and refused were recorded every week. All individual lambs were weighted every week before the morning feeding. The schematic diagram for the animals and experimental design was present in Figure 1.



TABLE 1 Chemical composition of the basal diet (g/kg, dry matter basis)1.
[image: Table1]

[image: Figure 1]

FIGURE 1
 Animal and experimental design. *Two lambs with similar BWs within each group were placed and housed in one pen, which was considered an experimental replicate. Thus, there were four replicates in each treatment (n = 4). #One lamb of each replicate in the three groups was randomly selected to collect the blood and rumen samples. GN, growth normal lambs; GR, growth-retarded lambs; GRP, growth-retarded lambs supplemented with probiotic.




2.3. Feed analysis

The feed samples were dried in a forced-air oven at 65°C for 48 h, and analyzed the contents of DM (method 924.05; Association of Official Analytical Chemists, 1990), CP (method 988.05; Association of Official Analytical Chemists, 1990), acid detergent fiber (ADF expressed inclusive of residual ash, method 973.18; Association of Official Analytical Chemists, 1990), ash (method 942.05; Association of Official Analytical Chemists, 1990), calcium (method 927.02; Association of Official Analytical Chemists, 1990), phosphorus (Combs and Satter, 1992), neutral detergent fiber (NDF assayed without a heat stable amylase and expressed inclusive of residual ash) was determined according to procedure described by Mertens (2002).



2.4. Blood analysis

At the end of the feeding trial, one lamb of each replicate in the three groups was randomly selected to collect the blood samples (n = 4) before morning feeding. Approximately 10 ml blood samples were collected from the jugular vein into individual heparinized tubes, then plasma were separated by centrifuging at 3,000 × g at 4°C for 15 min and stored at −20°C until analysis.

The plasma concentrations of total antioxidant capacity (T-AOC, A015-2-1), superoxide dismutase (SOD, A001-3-2), glutathione peroxidase (GSH-Px, A005-1-2), and malondialdehyde (MDA, A003-4-1) were determined using commercial kits (Jiancheng, Nanjing, China). The concentrations of immunoglobulin G (IgG, JN21687), tumor necrosis factor alpha (TNF-α, JN20906), interferon gamma (INF-γ, JN20780), interleukin-6 (IL-6, JN21752) and growth hormone (GH, JN13713) were detected using ELISA kits (Jining, Shanghai, China).



2.5. Rumen sample collection and fermentation characteristics determination

At the end of the feeding trial, rumen fluid samples (approximately 30 ml from those lambs used to collect blood samples) were collected through rumen intubation before the morning feeding (n = 4), with the first 15 ml of the rumen fluid samples were discarded to avoid saliva contamination (Morsy et al., 2021). Then the rumen fluid samples were strained through four layers of compress gauze. Approximately 20 ml samples were stored at –20°C to determine the rumen fermentation characteristics; and the other 10 ml samples were stored at –80°C to analysis the ruminal bacterial community.

Ammonia-N (NH3-N) concentration was determined using steam distillation into boric acid and titration with dilute hydrochloric acid. Volatile fatty acids (VFA) concentration was determined by gas chromatography (Agilent 7890B, NYSE: A, Palo Alto, America) according to the method described by Hu et al. (2005). Concentrations of the microbial protein (MCP) were estimated using the purine method (Makkar and Becker, 1999).



2.6. Ruminal microbiota analysis

Total DNA of the rumen fluid samples were extracted by using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA). The hypervariable V3-V4 region of the 16S rRNA gene was amplified using universal primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). PCR products were quantified with the Quant-iTPicoGreen dsDNA Assay Kit (Invitrogen, Carlsbad, USA). The amplicon libraries were generated by pooling in an equal ratio and sequenced using paired-end protocol (2 × 300) on an Illumina MiSeq platform at Personal Biotechnology Co. Ltd. (Shanghai, China).

Microbiota bioinformatics were performed with QIIME 2 (Bolyen et al., 2018). Denoise-paired method with DADA2 was performed to filter out the quality-filtered, denoised, merged, and chimeric sequences. Amplicon sequence variants (ASVs) were clustered at 97% similarity using the Greengenes 16S reference database (gg_13). Alpha diversity measurements included Chao1 (Chao, 1984), Shannon (Shannon, 1948), Faith’s PD (Faith, 1992) and Pielou’s evenness (Pielou, 1966) were calculated by QIIME 2. Shared and unique species among groups were used to generate a Venn diagram. Principal coordinate analysis (PCoA) based on weighted UniFrac distances (Lozupone et al., 2007) was performed to compare the dissimilarity of microbiota shaped by probiotic supplementation. Analysis of similarities (ANOSIM) was used to detect the significance of microbial community differences among groups. Significant difference was declared at R > 0.5 with p < 0.05, whereas 0.3 < R < 0.5 with p < 0.05 was considered as a trend, and no difference was declared at R < 0.3. The linear discriminant analysis effect size (LEfSe) method (Segata et al., 2011) was used to identify bacterial taxa with significant differences among three groups. Taxa with linear discriminant analysis score greater than 3 was identified as an important contributor to each group. Besides, co-occurrence was generated based on the Spearman correlation coefficients between the major ruminal microbiota (top 20 genera) and phenotypes (rumen fermentation characteristics and plasma indices). Visualization of the co-occurrence network was performed by the genes cloud tools, a free online platform for data analysis.1



2.7. Statistical analysis

The results were statistically analyzed as a completely randomized design. Each pen with 2 lambs was considered as one experimental unit for the analysis of BW and DMI, while each randomly selected lamb from each pen was regarded as one experimental unit for the analysis of plasma variables, rumen fermentation characteristics and ruminal bacterial community. Variables of growth performance, plasma variables and rumen fermentation parameters in GN, GR and GRP groups were analyzed with one-way ANOVA procedure of the SAS statistical software (version 9.0, SAS Inst. Inc., Cary, NC, United States). Duncan’s comparison was used to determine the differences among the groups. The microbial data including alpha-diversity index and bacterial relative abundance (phylum and genus level) was compared using Kruskal–Wallis test. Statistical significance was present at p ≤ 0.05, and 0.05 < p ≤ 0.10 was declared as a tendency.




3. Results


3.1. Growth performance

During the feeding trial, 3 growth-retarded lambs from the GR group and 1 growth-retarded lamb from the GRP group died, the causes of death were present in Table 2. Compared with the GN group, the initial BW of the GR and GRP groups were significantly lower (p < 0.05, Table 3). However, supplementation with probiotic increased the BW of the GRP group, and there was no difference between the GN and GRP groups’ final BW (p > 0.05). Dietary probiotic supplementation increased (p < 0.05) the average daily gain (ADG) of the GRP group compared with the GR group. The lambs in the GR group had the lowest (p < 0.05) dry matter intake (DMI).



TABLE 2 Death causes of growth-retarded lambs.
[image: Table2]



TABLE 3 Effect of probiotic supplementation on the growth performance of growth-retarded lambs.
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3.2. Plasma characteristics

For growth-retarded lambs, supplementation with probiotic increased (p < 0.05; Table 4) the activities of SOD and GSH-Px, while there was no difference between the GN and GRP groups (p > 0.05). The MDA concentration was higher (p < 0.05) in growth-retarded lambs; however, probiotic supplementation decreased (p < 0.05) the MDA concentration. Compared with the GN and GRP groups, lower (p < 0.05) concentrations of GH and IgG and higher (p < 0.05) concentrations of IL-6, IFN-γ and TNF-α were observed in the GR group.



TABLE 4 Effects of probiotic supplementation on the plasma concentrations of oxidative stress indicators and immunity variables in growth-retarded lambs.
[image: Table4]



3.3. Rumen fermentation profile

For growth-retarded lambs, supplementation with probiotic increased the concentration of total VFA and acetate (p < 0.05; Table 5), while there was no difference between the GN and GRP groups (p > 0.05). The concentration of butyrate was greater in the GRP group than those of GR group (p < 0.05). For growth-retarded lambs, supplementation with probiotic decreased the concentration of NH3-N (p < 0.05). The concentration of MCP was the lowest in the GR group, while there was no difference between the GN and GRP groups (p > 0.05).



TABLE 5 Effect of probiotic supplementation on the rumen fermentation characteristics of growth-retarded lambs.
[image: Table5]



3.4. Ruminal microbiota diversity of growth-retarded lambs

In total, 1,682,519 raw reads were generated from 12 rumen fluid samples of lambs, and 746,595 effective reads were obtained after quality control, with an average of 62,216 ± 3,701 reads per sample. As showed in Figure 2A, the rarefaction curves revealed that there were sufficient microbial sequences to accurately describe the ruminal bacterial composition of each group. Based on 97% similarity, 36,880 ASVs were annotated, among which there were 599 shared bacterial ASVs (Figure 2B).

[image: Figure 2]

FIGURE 2
 Effect of probiotic supplementation on the ruminal microbial alpha diversity of growth-retarded lambs. (A) Rarefaction; (B) Venn diagram based on the genus-level diversity; (C) the ruminal microbiota diversity estimated by Chao 1, Faith_pd, Shannon and Pielou_e; (D) Principal coordinate analysis (PCoA) based on Weighted UniFrac distance. *p < 0.05. GN, growth normal lambs; GR, growth-retarded lambs; GRP, growth-retarded lambs supplemented with probiotic.


Compared to the GN group, lambs from the GR group exhibited a higher (p < 0.05) alpha diversity in the rumen, as evidenced by the increased Shannon, Faith_pd and Pielou_evalues (Figure 2C). In the rumen, principal component analysis revealed that the PCo1 and PCo2 explained 38.1 and 17.2% of the variation among samples, respectively (Figure 2D). As showed in the PCoA figure, the plots for different groups displayed obvious divergence. Difference in bacterial community composition were found between the GN and GR groups (R = 0.396, p = 0.049) and the GN and GRP groups (R = 0.968, p = 0.032). However, there was no difference between the GR and GRP groups (R = −0.042, p = 0.548).



3.5. Ruminal microbiota composition of growth-retarded lambs

At the phylum level, Bacteroidetes, Firmicutes, Proteobacteria, and Fibrobacteres were the four predominant phyla, representing 60.4, 26.3, 5.6, and 2.8% of the total ASVs, respectively (Figure 3A). The relative abundance of Bacteroidetes was higher (p < 0.05; Figure 3C), but that of Firmicutes was lower (p < 0.05; Figure 3C) in the GRP group than in the GN group.
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FIGURE 3
 Ruminal microbiota community composition of growth-retarded sheep. Abundances of the ruminal microbiota at the phylum (A) and genus (B) levels of growth-retarded lambs. The top 10 phyla and the top 20 genera are listed. Comparisons of relative abundances at the phylum (C) and genus (D) levels were analyzed by the Kruskal–Wallis rank-sum test. *p < 0.05, **p < 0.01. GN, growth normal lambs; GR, growth-retarded lambs; GRP, growth-retarded lambs supplemented with probiotic.


As showed in Figure 3B, there were 20 most dominant microbial genera in the rumen of lambs. The relative abundances of Ruminococcus, Succiniclasticum, and Acidaminococcus were the lowest (p < 0.05; Figure 3D) in the GR group. However, supplementation with probiotic increased the relative abundances of these three genera.

To identify the key phylotypes of ruminal microbiota among the three groups, LEfSe analysis was performed (Figure 4A). The LDA score results showed nine discriminative features in the GN group, and Firmicutes, Clostridiales and Clostridia were the main microbiota. The GR group showed two dominant microorganisms, which were Megasphaera and Mogibacterium. The GRP group showed seven discriminative features, and the major microbiota were Bacteroidia, Bacteroideres, and Bacteroidales. An evolutionary clustering analysis diagram was constructed to identify major microflora by taxonomy (Figure 4B). In the cladogram, Bacteroides was the richest in the green areas, and Firmicutes had the highest abundance in the blue area, which represented the GRP and GN groups, respectively. These results inferred that probiotic supplementation altered the key phylotypes of the ruminal microbiota in growth-retarded lambs and promoted the multiplication of specific bacteria.

[image: Figure 4]

FIGURE 4
 The ruminal microbial community composition modulated by probiotic supplementation and key phylotypes of the ruminal microbiota among the three groups (n = 4). (A) Linear discriminant analysis (LDA) score. Taxa with LDA score greater than 3 are shown in the histogram. The greater the LDA score was, the more significant the phylotype microbiota was in the comparison. (B) Linear discriminate analysis effect size taxonomic cladogram. The colored nodes from the inner circle to the outer circle represent the hierarchical relationships of all taxa from the phylum to the genus level. Taxa enriched in the GN group are shown in blue, taxa enriched in the GR group are shown in red, taxa enriched in the GRP group are shown in green, and taxa with nonsignificant changes are shown in white. The diameter of each small circle represents the taxa abundance.




3.6. Relationship between ruminal microbiota and phenotypic variables

Spearman correlation analysis revealed that Prevotella was positively correlated with butyrate (p < 0.05; Figure 5). Similar relationships were found between Succiniclasticum and total VFA (p < 0.05), acetate (p < 0.05), propionate (p < 0.05) and MCP (p < 0.05), but an opposite relationship was observed between Succiniclasticum and TNF-α (p < 0.05). Furthermore, Acidaminococcus was positively correlated with total VFA (p < 0.05) and acetate (p < 0.01), but negatively correlated with TNF-α (p < 0.05), IL-6 (p < 0.01) and IFN-γ (p < 0.05). Selenomonas displayed a positive correlation with butyrate (p < 0.05). Clostridiaceae_Clostridium was negatively correlated with GSH-Px (p < 0.01) but positively correlated with TNF-α (p < 0.05), IL-6 (p < 0.05) and IFN-γ (p < 0.05). Additionally, Ruminococcaceae_Ruminococcus was negatively correlated with MDA (p < 0.05) and TNF-α (p < 0.05).
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FIGURE 5
 Correlation analysis between ruminal bacteria and phenotypic variables. Red represents a positive correlation and blue represents a negative correlation, the intensity of the color indicates the degree of correlation coefficient. *p < 0.05 and **p < 0.01.





4. Discussion

Lambs with growth retardation have higher morbidity and mortality and lower growth performance. No surprise, 4 growth-retarded lambs died during the feeding trial and the growth rate of growth-retarded lambs was slower than that of normal lambs in the current study. Ma et al. (2021b) reported the same findings in growth-retarded yaks. The positive effects on ADG and DMI indicated that dietary supplementation with probiotic was beneficial to improve growth-retarded lamb growth. Abdel-Wahed et al. (2022) found that both Bacillus sp. and Lactobacillus sp. can be used as probiotics to achieve therapeutic purposes, such as increased the growth performance of ewes and reduced the incidence of diarrhea in their newborn lambs (Khattab et al., 2020). Also, the results of a previous experiment using the same probiotic showed that it could enhance the growth performance of piglets (Xie et al., 2022). For ruminants, Ossimi lambs that received Lactobacillus sp. showed the highest weight gain (El-Ashker et al., 2018). Khattab et al. (2020) reported that probiotic bacteria (B. subtilis and L. casei) supplementation enhanced the weaning weight, average body weight gain and the health status of the lambs. Another report showed that Lactobacillus acidophilus supplementation enhanced the feed intake and daily weight gain of Nubian goats (Azzaz et al., 2015). The positive effect of probiotics supplementation may contribute to the stabilization of gastrointestinal microbiota, which promotes growth and enhances the host resistance to diseases (Xue et al., 2011; Du et al., 2018).

Various stressful conditions, such as malnutrition during the neonatal periods and illness followed by coughing, broken the balance between antioxidant defense system and free radical generation system. The lower concentrations of SOD and GSH-Px and the higher level of MDA in the plasma of growth-retarded lambs than normal lambs indicated that the animals were in a state of oxidative stress, therefore, the growth-retarded lambs had lower growth performance. With probiotic supplementation, the oxidative stress of growth-retarded lambs was alleviated, which was evidenced by the increased SOD and GSH-Px activities and the decreased MDA content. It most likely that probiotics can scavenge excess free radicals and improve the antioxidant capacity of animals (Amaretti et al., 2013). Using Lactobacillus farciminis was also reported to affect the antioxidant status of lambs positively (Aydin et al., 2021).

Immunoglobulin is a nonspecific immune molecule in animals (Chen et al., 2021), and IgA, IgM, and IgG are the three main types of immunoglobulins in blood. In the current study, lower concentrations of plasma IgG in growth-retarded lambs suggested that their immune function was less developed than normal lambs. Low immune function may have made growth-retarded lambs more susceptible to disease, which could lead to higher morbidity and mortality (4 growth-retarded lambs died during the feeding trial). Previous studies reported that growth-retardation animals have higher levels of the proinflammatory cytokines TNF-α and IL-6 in blood than growth-normal animals (Zhang et al., 2018; Ma et al., 2021a). In line with these studies, growth-retarded lambs exhibited a higher inflammatory response compared to normal lambs in this study. However, probiotic supplementation ameliorated the inflammatory response of growth-retarded lambs, which was evidenced by increased IgG and decreased levels of the pro-inflammatory cytokines IL-6 and TNF-α. Chen et al. (2022) found that dietary supplementation with the same probiotic product as our study (L. acidophilus and B. subtilis) could increase IgG and decrease IL-6, TNF-α and IFN-γ in the intestines of laying hens. Some studies reported that probiotics treatment enhanced the concentration of IgG in the serum of lambs (Jia et al., 2018; Chen et al., 2021). Lactobacillus delbruekii supplements could be a useful nutritional support for the immune system in healthy lambs (El-Ashker et al., 2018). Altmeyer et al. (2014) inferred that any factors could modify the gut situation will influence immunity, because there were a large number of immune cells in the gastrointestinal tract.

Volatile fatty acid, an energy source of ruminant, contribute to ruminant health by sustaining the rumen ecosystem. It is well documented that rumen VFA, especially butyrate, are the primary chemical stimulators of rumen development (Plöger et al., 2012; Wang et al., 2016). The present results concerning reducing the total VFA with the GR group indicated that growth-retarded lambs had poorer rumen fermentation than normal lambs. In line with this study, growth-retarded yaks have lower rumen VFA fermentation than normal yaks (Hu et al., 2019). Furthermore, the increased concentrations of total VFA and butyrate in the rumen of growth-retarded lambs through the supplementation with probiotic might have beneficial effects on the rumen development of these lambs, which could then recover the growth rate. A meta-analysis by Frizzo et al. (2011) reported that probiotic supplementation could increase the feed digestion, promote the synthesis of VFA, and enhance the growth performance of cattle. Probiotics were also used to maintain gut health and improve feed efficiency by increasing the absorption rate of volatile fatty acids (Krehbiel et al., 2003). In addition, the rumen NH3-N concentration decreased in the GRP group, which indicated that the diet supplemented with probiotic product improved NH3-N utilization. Similar results revealed that the supplementation with probiotic decreased the NH3-N concentration of lambs (Hassan et al., 2020; Chen et al., 2021). Ammonia-N in the rumen is the main nitrogen source for the synthesis of microbial protein, and the declining of NH3-N in the GRP group is in line with the increase in MCP concentration. Probiotics product can improve stimulation of ruminal microorganism activity by assimilation of NH3-N into microbial protein (Gado et al., 2011).

In this study, the rumen bacterial communities of normal lambs and growth-retarded lambs were compared, and the results of PCoA indicated that the composition and structure of rumen bacterial were distinct between the GN and GR groups. In line with our findings, some studies have reported that the gastrointestinal composition differs between growth-retarded and normal animals (Hu et al., 2019; Ma et al., 2020b), suggesting that the gastrointestinal bacteria can affect the growth of animals. It was also found that the probiotic supplementation group seemed to be comingled together and tended to separate from the GR group. As compared to the factor of host species, dietary factors made more markedly effect on the rumen microflora (Henderson et al., 2015). Du et al. (2018) fed a B. amyloliquefaciens/B. subtilis diet to growth-retarded calves aged 3–6 months for 30 days, resulted in more stable of bacterial structure. In the current study, probiotics were used to intervene in the growth of growth-retarded lambs. Chaucheyras-Durand and Durand (2010) found that antibacterial compounds produced by probiotics, such as organic acids, hydrogen peroxide, bacteriocins, and biosurfactants, can inhibit the growth of pathogenic microorganisms. Lactobacillus, which is the main component of probiotic products, is an essential member of the intestinal microbiota. It has positive effect on the ruminal environment by promoting the growth of lactic acid utilizing bacteria, and then provide an optimum condition for ruminal microorganisms (Cherdthong et al., 2021). Moreover, as another main component, Bacillus subtilis is believed to affect the composition and function of microbial communities through the production of antimicrobials, promoting the growth of beneficial microbes and overall gut health (Luise et al., 2019; He et al., 2020).

Bacteroidetes and Firmicutes were the dominant bacteria in the rumen of lambs in this study. Ley et al. (2006) found that Firmicutes performed an important function on the energy absorption. Furthermore, Firmicutes are also reported to play a key role in the degradation of oligosaccharides, starch, and cellulose (Ahmad et al., 2020). Ma et al. (2020b) found that growth-retarded yaks with low feed efficiency exhibited lower relative abundance of Firmicutes in the rumen. In this study, growth-retarded lambs had a lower Firmicutes relative abundance, which was correlated with their lower growth performance. At the genus level, Prevotella, Ruminococcus and Succiniclasticum were the dominant bacteria in the three groups. The members of Ruminococcus, which can produce all organic acids, are cellulolytic, fiber-degrading bacteria (Ezaki, 2015). Li and Guan (2017) found that beef cattle with higher feed efficiency exhibited higher relative abundance of Ruminococcus in the rumen. Compared with the GN group, we observed lower Ruminococcus relative abundance in the GR group, indicating that growth-retarded lambs had a lower ability to degrade fiber. However, Ruminococcus tended to be increased by probiotic supplementation, this result suggested the positive effects of probiotic supplementation on microbial changes and might improve rumen digestion. Van Gylswyk (1995) revealed that Succiniclasticum play an important role on the succinic acid production and can convert succinic acid to propionic acid, a major ruminal short chain fatty acid. The relative abundance of Succiniclasticum was the lowest in the GR group, but supplementation with probiotic increased its abundance. This change was consistent with the findings of VFA concentration. Therefore, it was inferred that dietary supplementation with probiotics could improve rumen fermentation, which was in line with the increases in total VFA concentration and growth performance of growth-retarded lambs.

The VFAs, especially butyrate, could stimulate rumen epithelial metabolism (Baldwin and McLeod, 2000; Górka et al., 2011). The butyrate concentration was closely positively correlated with the relative abundances of Prevotella and Selenomonas. It was also found that Succiniclasticum and Acidaminococcus were positively correlated with total VFA and acetate concentrations, which could explain our previous findings of higher total VFA and acetate in the GRP group. Hence, the ruminal epithelium functional deficiencies of growth-retarded lambs could be repaired by nutritional interventions, which was attribute to the increase of beneficial bacteria abundance and the VFA concentrations (especially butyrate production) in the rumen.



5. Conclusion

In summary, the results obtained in the present study provide evidence that dietary supplementation with probiotic (co-fermented by Lactobacillus acidophilus and Bacillus subtilis) contributes to a number of ways to improve growth performance of growth-retarded lambs, including improvements in antioxidant ability, a decrease in the inflammatory response, and better regulation of the rumen microbiota. These findings may help sheep farmers use nutritional interventions to promote the compensatory growth of growth-retarded lambs.
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This study used Silibinin as an additive to conduct fermentation experiments, wherein its effects on rumen gas production, fermentation, metabolites, and microbiome were analyzed in vitro. The silibinin inclusion level were 0 g/L (control group), 0.075 g/L, 0.15 g/L, 0.30 g/L, and 0.60 g/L (experimental group). Fermentation parameters, total gas production, carbon dioxide (CO2), methane (CH4), hydrogen (H2), and their percentages were determined. Further analysis of the rumen microbiome’s relative abundance and α/β diversity was performed on the Illumina NovaSeq sequencing platform. Qualitative and quantitative metabolomics analyses were performed to analyze the differential metabolites and metabolic pathways based on non-targeted metabolomics. The result indicated that with an increasing dose of silibinin, there was a linear reduction in total gas production, CO2, CH4, H2 and their respective percentages, and the acetic acid to propionic acid ratio. Concurrent with a linear increase in pH, when silibinin was added at 0.15 g/L and above, the total volatile fatty acid concentration decreased, the acetic acid molar ratio decreased, the propionic acid molar ratio increased, and dry matter digestibility decreased. At the same time, the relative abundance of Prevotella, Isotricha, Ophryoscolex, unclassified_Rotifera, Methanosphaera, Orpinomyces, and Neocallimastix in the rumen decreased after adding 0.60 g/L of silibinin. Simultaneously, the relative abundance of Succiniclasticum, NK4A214_group, Candidatus_Saccharimonas, and unclassified_Lachnospiraceae increased, altering the rumen species composition, community, and structure. Furthermore, it upregulated the ruminal metabolites, such as 2-Phenylacetamide, Phlorizin, Dalspinin, N6-(1,2-Dicarboxyethyl)-AMP, 5,6,7,8-Tetrahydromethanopterin, Flavin mononucleotide adenine dinucleotide reduced form (FMNH), Pyridoxine 5′-phosphate, Silibinin, and Beta-D-Fructose 6-phosphate, affecting phenylalanine metabolism, flavonoid biosynthesis, and folate biosynthesis pathways. In summary, adding silibinin can alter the rumen fermentation parameters and mitigate enteric methane production by regulating rumen microbiota and metabolites, which is important for developing novel rumen methane inhibitors.
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 silibinin, methane, rumen fermentation, microbiome, metabolite


1. Introduction

As the global population continues to rise, more than a third of the protein demand for humans, such as meat and milk, depends on animal agriculture, thus resulting in livestock production intensification and consequently causing the agricultural sector to be a major source of greenhouse gas (GHG) generation (Sakadevan and Nguyen, 2017). The main greenhouse gas emitted from the animal sector is carbon dioxide (CO2), methane (CH4), and nitrous oxide (N2O). Controlling GHG emissions is key to stabilizing the global climate system because its excess in the atmosphere leads to frequent natural disasters, increases the spread of pathogenic diseases, and poses a risk to the health and survival of humans and animals alike. The contribution of methane to global warming is more prominent than N2O because it constitutes about half of the entire greenhouse gas in the atmosphere (Stocker et al., 2013; Myhre et al., 2014; Haque, 2018), with most of the methane emanating from ruminants. Therefore, reducing CH4 emissions from enteric fermentation in ruminants is an effective way to mitigate greenhouse gas emissions in the livestock industry (Vaghar Seyedin et al., 2022).

CH4 produced by ruminants is mainly from the enteric fermentation process initiated by rumen microorganisms through the CO2 reduction pathway under the action of methanogenic bacteria while reducing the partial buildup of rumen H2, maintaining the stability of rumen pH and ensuring normal rumen fermentation and the methane produced is released into the atmosphere through feces or burp. Therefore, it is crucial to mitigate CH4 by regulating the rumen microbiota. Research has found that adding ionic carriers such as monensin to the diet could alter the rumen microbiome, inhibit the production of available substrates by methanogenic bacteria, and reduce CH4 production (Marques and Cooke, 2021). However, with longer feeding times, ion carriers could develop resistance in some bacteria (Vendramini et al., 2016) and have therefore been banned in many countries. The addition of methanogenic inhibitors such as nitro derivatives, on the other hand, though could reduce CH4 production via rumen microbiome alteration, but there are very few reports on their safety assessment (Teng and Kim, 2021).

Plant extracts are gaining popularity due to their safe and non-toxic benefits. Literature has reported that plant extracts have colony-modulating effects (Jubair et al., 2021; Vaou et al., 2021) and that flavonoids extracted from plants not only reduce the number of methanogenic bacteria in the rumen but also reduce the number of protozoa attached to the methanogens to reduce CH4 production (Ku-Vera et al., 2020). Seradj et al. (2014) observed that adding flavonoid extract inhibited hydrogenotrophic methanogenic archaea and Methanosarcina in the rumen. Likewise, the flavonoid-rich extract obtained from Brazilian spinach (Alternanthera sissoo; BS) was found to decrease CH4 production and protozoa counts while elevating total volatile fatty acid and propionic acid levels during in vitro fermentation (Sommai et al., 2021).

Silibinin (C25H22O10), an active ingredient isolated from the fruit of Silybum marianum (chrysanthemum plant), is single in composition and chemistry as a dihydro flavonol compound compared to some other flavonoids extracted from plants. According to recent scientific investigations, gram-positive bacteria are more susceptible to the inhibitory effects of silibinin as compared to their gram-negative counterparts (Janssen and Kirs, 2008; Miller, 2015; Mahmoudi-Rad et al., 2022). Therefore, the potential of silibinin to effectively regulate the activity and population of gram-positive bacteria associated with methane synthesis is critical for methane regulation. Additionally, the mechanism by which silibinin regulates gram-positive bacteria is mainly by inhibiting protein and RNA synthesis (Lee et al., 2003). Some reports have shown that silibinin has a modulating effect on the activity of Staphylococcus aureus (Cai et al., 2018), Bacillus cereus (Mahmoudi-Rad et al., 2022), and Prevotella intermedia (Lee et al., 2012). Also, its anti-inflammatory effects are exerted by regulating the microbial flora (Rakelly de Oliveira et al., 2015).

Even though flavonoids have been shown to have regulatory effects on rumen microflora and amino acids metabolic pathways such as tyrosine metabolism and proline metabolism (Yu et al., 2023), there are no studies on the use of silibinin as an additive in dairy cows. Based on the above, this study hypothesized that silibinin could affect rumen fermentation by regulating rumen microbiota and metabolites, thereby reducing methane production. Therefore, using in vitro fermentation method, we assessed rumen fermentation characteristics and gas production, analyzed the relative abundance and diversity of the rumen microbiome, and revealed the metabolites and metabolic pathways involved. This experiment provides a sufficient theoretical basis and data support for the application of silibinin in regulating ruminal methanogenesis in ruminants.



2. Materials and methods


2.1. Animals, diet, and experimental design

The animal use protocol was approved following the Animal Care and Use Committee of Northeast Agricultural University (protocol number: NEAUEC20230268). Three lactating Chinese Holstein cows (day in milk = 120 ± 11, milk yield = 27.6 ± 3.3 kg) were housed individually in a tethered barn stall, and water was made available freely. All cows were fed the same amount of total mixed ration (TMR) and milked twice daily at 0630 and 1830. The ingredients and chemical composition of the experimental diet are indicated in Table 1.



TABLE 1 Composition and nutrient levels of the basal diet (DM basis).
[image: Table1]

The anaerobic culture techniques and experimental procedures were similar, as described by Xin et al. (2021). Rumen fluid, sampled from the three fistulated cows before morning feeding, was flushed with O2-free CO2 in a vacuum flask, sieved through a four-layered cheesecloth before mixing with pre-warmed (39°C) buffer, and prepared according to (Soliva and Hess, 2007), at a ratio of 1:2 (buffer: ruminal fluid, v:v) under a continual CO2 flow to maintain an anaerobic environment. After mixing, 150 mL was transferred to a 200 mL glass bottle containing 2 g fermentation TMR substrates. The silibinin, purchased from Daxing’anling Livorcom Biotechnology Co., Ltd. China (purity of silibinin: 98%), with different qualities, was added to the rumen fluid to make 0.00, 0.075, 0.15, 0.30, and 0.60 g/L final concentrations; the blank control glass bottle only contained mixed abomasum fluid. Silicone stoppers with gas-tight collection bags were used to seal the sample bottles (ten replicates per treatment) before incubating them in a shaking water bath at 39°C and 40–50 rpm for 24 h. These incubations were performed in three separate runs over three days.



2.2. Total, hydrogen, carbon dioxide and methane gas production, and rumen fermentation analysis

During fermentation, the total gas produced was collected using gas collection bags. Each gas collection bag was connected to the top of the fermentation bottle via a rubber tube, and after ensuring that the entire device was airtight, incubation was carried out. At the end of the incubation period, the volume of the gas samples was measured using a syringe. Subsequently, a 0.5-mL subsample of the gas was analyzed for its hydrogen, carbon dioxide, and methane content using a Gas chromatograph (GC-8A; Shimadzu Co. Ltd., Tokyo, Japan) with a molecular sieve 13×, 45- to 60-mesh column (2.0 mm × 3.2 mm × 2.0 mm, stainless steel), and thermal conductivity detector. The temperature was set to 60°C, injector and thermal conductivity detector temperatures were set at 120°C, and flame-ionization detector temperature was set at 200°C. The carrier gas (N2) flow rate was 50 mL/min, in line with the procedure outlined by Kim et al. (2014). The pH level of the culture fluid was then measured with a pH meter (Sartorius basic pH meter, Göttingen, Germany). The rumen culture liquor was filtered through a 4-layered cheesecloth and stored at −20°C with 2 mL metaphosphoric acid (25%, wt/vol) per 10 mL before determining the VFA and ammonia-N levels. The VFA concentration was determined using gas chromatography (GC-8A; Shimadzu Corp., Kyoto, Japan) as described by Hu et al. (2005). Meanwhile, ammonia-N levels were determined using the phenol-hypochlorite method (Broderick and Kang, 1980).



2.3. Dry matter digestibility analysis

2 g of TMR sample was weighed into the fiber bag as a fermentation substrate. Ruminal fluid and buffer were mixed in a ratio of 1:2 as described above and added to the glass flask before placing it in the fiber bag. Air bubbles in the glass flasks were removed before sealing and then incubated in a constant temperature water bath at 39°C with shaking. After continuous fermentation for 24 h, the fiber bag was removed, rinsed with distilled water three times, dried for 48 h at 55°C, and then cooled in a desiccator (Kim et al., 2019). The sample was then weighed and used to determine the fermentation substrate’s in vitro dry matter digestibility (IVDMD), according to Wang et al. (2017).

IVDMD (%) = (DM content before fermentation – DM content after fermentation)/ DM content before fermentation × 100%.



2.4. DNA extraction, sequencing, and diversity analysis

At the end of the incubation, 20 mL of culture liquor with a maximum dose of 0.60 g/L of silibinin was split into two equal portions before storing at −80°C for 16S amplicon sequencing and untargeted metabolomics analysis.

The procedure involved the extraction of total DNA from the culture liquor using QIAamp Fast DNA stool Mini Kit (Qiagen, Cat# 51604) followed by the amplification of PCR conducted with barcoded specific bacteria primers that targeted the variable region 3–4 (V3-V4) of the 16S rRNA gene: forward primer 338F: 5′- ACTCCTACGGGAGGCAGCA -3′ and reverse primer 806R: 5′- GGACTACHVGGGTWTCTAAT -3′ (Wang et al., 2023). The V3-V4 region of the 16S rRNA gene for archaeal analysis was amplified using primers F341 (5′- GYGCASCAGKCGMGAAW -3′) and R806 (5′- GGACTACVSGGGTATCTAAT -3′). The protozoa analysis involved amplifying the V3-V4 region of the 18S rRNA gene using TAReuk454FWD1 F (5′- CCAGCASCYGCGGTAATTCC -3′) and TAReukREV3 R (5′- ACTTTCGTTCTTGATYRA -3′) primers. For fungi analysis, the ITS region of the 16S rRNA gene for fungi was amplified using primers F (CTTGGTCATTTAGAGGAAGTAA) and R (GCTGCGTTCTTCATCGATGC). According to standard protocols, sequencing libraries and paired-end sequencing was constructed on an Illumina NovaSeq6000 platform at Biomarker Technologies Co, Ltd. (Beijing, China). Following Yang et al. (2020), paired-end reads were merged using FLASH v1.2.7, and tags with over six mismatches were ignored. Trimmomatic (Sheng et al., 2019) was used to identify merged tags having an average quality score of <20 in a 50 bp sliding window, and tags shorter than 350 bps were eliminated. Using USEARCH, potential chimeras were eliminated, and the denoised sequences were grouped into operational taxonomic units (OTUs) with 97% similarity (version 10.0). All OTUs were given a taxonomy via a QIIME search against the Silva databases (Release 128).

The microbiome was compared as beta diversity using partial least squares discriminant analysis (PLS-DA). Taxa abundance at the genus level was statistically compared between the control and treatment groups for exposure to silibinin and the ruminal microbiome abundance.



2.5. Non-targeted metabolomics analysis

For quality control purposes, 10 μL per sample of the prepared rumen fluid was pooled. Metabolomics analysis was conducted using a Waters Acquity I-Class PLUS ultra-high performance liquid tandem and Waters Xevo G2-XS QTOF high-resolution mass spectrometer with a Waters Acquity UPLC HSS T3 (1.8um, 2.1 × 100 mm) column as outlined by Zhang et al. (2021). The injection volume for both positive and negative modes was set at 1 μL, with mobile phase A consisting of 0.1% formate aqueous solution and mobile phase B containing 0.1% formate acetonitrile.

After software acquisition control using MassLynx V4.2 (Waters), the primary and secondary mass spectrometry data were extracted using a Waters Xevo G2-XS QTOF high-resolution mass spectrometer in MSe mode. Dual-channel data acquisition was performed, alternating between a low collision energy of 2 V and a high collision energy of 10–40 V per cycle with a scanning frequency of 0.2 s for a mass spectrum, as described by Feng et al. (2022). The ESI ion source utilized a capillary voltage of 2,000 V (positive ion mode) or −1,500 V (negative ion mode), a 30 V cone voltage, a 150°C ion source temperature, 500°C desolvent gas temperature, 50 L/ h backflush gas flow rate, and 800 L/h desolventizing gas flow rate. Data processing operations such as peak extraction, peak alignment, and identification were performed using the online METLIN database and Biomark’s custom identification library with theoretical fragment identification and mass deviation calculations under 100 ppm, all utilizing Progenesis QI software.

The positive and negative data were combined, and the dependability of the model was assessed through 200 permutations after normalizing the original peak area data using principal component analysis (PCA) and orthogonal projections to latent structures-discriminant analysis (OPLS-DA) analysis. Following the grouping information, the difference multiples were calculated and compared. Compounds identified were classified, and pathway information was searched against KEGG databases. Additionally, a T-test was utilized to determine each compound’s differential significance p value, with multiple cross-validations used to calculate the OPLS-DA model’s VIP value. The differential metabolites were then filtered at FC > 1 or < −1, p value <0.05, and VIP > 1 using a technique that integrates the difference multiple, p value, and VIP value of the OPLS-DA model. A hypergeometric distribution test was conducted to determine different metabolites for KEGG pathway enrichment significance. Volcano plots were generated using ggplot2 in R language to filter the metabolites of interest based on their log2 (Fold change) and - log10 (p-value).



2.6. Statistical analysis

All data from the experiment were analyzed using SAS software (Version 9.4; SAS Institute Inc., Cary, NC). Histograms and formal statistical tests included in the UNIVARIATE procedure of SAS were used to test for normal distribution and homogeneity of variance of gas production and concentration and rumen fermentation parameters. Data were then analyzed using a one-way ANOVA, and orthogonal polynomial contrasts were utilized to analyze the linear, quadratic, and cubic effects of silibinin under different concentrations. Relative abundances (%) of rumen microbiome in vitro after 24 h exposure to silibinin were analyzed using the non-parametric Kruskal-Wallis Test, and results were presented as mean with standard deviation. Significantly different means were declared when p ≤ 0.05, while trends were defined at 0.05 < p ≤ 0.10.




3. Results


3.1. Effect of silibinin on in vitro gas production

To assess the impact of silibinin addition on rumen fermentation, we employed an in vitro gas production technique to measure the corresponding fermentation products. After 24 h of in vitro fermentation, total gas production and CH4, CO2, and H2 production and ratio showed linear decreases (p < 0.001) with the increase in the amount of silibinin additive. Total gas production and CH4, CO2, and H2 production and ratios decreased to the lowest in the high dose 0.60 g/L group (Table 2).



TABLE 2 Effect of adding different doses of silibinin on gas production after 24 h of in vitro fermentation.
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3.2. Effect of silibinin on fermentation characteristics

With the increasing amount of silibinin additive, rumen pH and the molar ratio of propionic acid increased linearly (p < 0.001), and total volatile fatty acid concentration, acetic to propionic acid ratio, and dry matter digestibility decreased linearly (p < 0.001). With the addition of 0.075 g/L silibinin, NH3-N, total volatile fatty acid concentration, the molar ratio of acetic acid, the molar ratio of butyric acid, and dry matter digestibility were not statistically significant differences from the untreated group (Table 3). The result showed that adding low doses of silibinin did not affect rumen fermentation while reducing CH4 production.



TABLE 3 Effect of adding different doses of silibinin on rumen fermentation parameters after 24 h of in vitro fermentation.
[image: Table3]



3.3. Effect of silibinin on the rumen microbiome

To further investigate changes in the rumen microbiome after the addition of silibinin, we select the control group and 0.60 g /L silibinin group, a total of 8 samples. 16S amplicon sequencing was performed by high-throughput sequencing for the rumen microbiome in the control and 0.60 g/L silibinin groups, and the α-diversity and β-diversity of the microbiome, as well as the relative abundance at the genus level, were analyzed. The microbial community diversity of bacteria, archaea, and protozoa in the 0.60 g/L silibinin group was not significantly different from the control group, but Simpson (p = 0.02) and Shannon (p = 0.02) of fungi were significantly different and higher than the untreated group (Table 4). There were also differences in the microbial community structure of bacteria, archaea, protozoa, and fungi in the rumen between the two groups (Figure 1). Figure 2 presents a visual representation of the relative abundance of species at the genus level for both the control group and the 0.60 g/L silibinin group. As the results of the relative abundance of rumen microbiome showed (Table 5), with the addition of 0.60 g/L silibinin, Prevotella, Methanosphaera, Isotricha, Ophryoscolex, and unclassified_Rotifera, Orpinomyces, Neocallimastix were significantly (p < 0.05) less in relative abundance than controls, while Succiniclasticum, NK4A214_group, Candidatus_Saccharimonas, unclassified_Lachnospiraceae, and Others were significantly more abundant than the control group (p < 0.05). These results indicated that supplementation with high doses of silibinin led to alterations in the ruminal microbial community, including changes in its structure and relative abundance.



TABLE 4 Effect of silibinin on the diversity of the most predominant microbial genera in the rumen after 24 h of in vitro incubation (%).
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FIGURE 1
 PCA analysis of rumen microbiome in the 0 g/L and 0.60 g/L silibinin addition group (A) Bacteria PCA analysis. (B) Archaea PCA analysis. (C) Protozoa PCA analysis. (D) Fungi PCA analysis.Each point in the figure represents a sample; different colors represent different groups; the oval circle indicates that it is a 95% confidence ellipse (that is, if there are 100 samples in the sample group, 95 will fall into it). The abscissa represents the first principal component, and the percentage represents the contribution value of the first principal component to the sample difference. The ordinate represents the second principal component, and the percentage represents the contribution value of the second principal component to the sample difference.
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FIGURE 2
 Relative abundance at the genus level of rumen microbiome in the 0 g/L and 0.60 g/L silibinin addition groups. (A) Bacteria relative abundance at the genus level. (B) Archaea relative abundance at the genus level. (C) Protozoa relative abundance at the genus level. (D) Fungi relative abundance at the genus level.




TABLE 5 Effect of silibinin on the relative abundance of rumen microorganisms after 24 h of in vitro fermentation (%).
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3.4. Effect of silibinin on rumen microbial metabolites and their KEGG pathway

Rumen metabolites were analyzed by non-targeted metabolic means to investigate the association between the rumen microbiome and rumen-associated metabolites. A total of 9,162 peaks were detected in 12 samples for qualitative and quantitative metabolism analysis, with 2,414 metabolites annotated for metabolites detected in default mode. The model was evaluated using orthogonal projections to latent structure-discrimination analysis (OPLS-DA) with R2Y = 0.995 and Q2Y = 0.789, which is close to 1, indicating that the model is more stable and reliable, i.e., it can be used to screen for differential metabolites. To check the reliability of the OPLS-DA model, we performed a permutation test. A positive slope of the Q2Y fitted regression line indicates that the model is meaningful. The blue dots are generally above the red dots, indicating that the model’s training and test sets are independent (Figure 3). The OPLS-DA model can be used to identify differences between the two metabolite groups. Based on the results of OPLS-DA, the differential metabolites screened from the variable importance in projection (VIP) of the obtained multivariate analysis OPLS-DA model, combined with fold change and p-value (VIP > 1, p ≤ 0.05, FC > 1 or FC < 0.05) were considered as rumen differential metabolites between the two groups (Table 6). Through conducting a principal component analysis on the samples, we can gather initial insights into the systemic metabolic differences between the control and 0.60 g/L silibinin groups (Figure 4A). The volcano plot (Figure 4B) depicts the degree of difference in metabolite levels between the two groups. Each point on the plot indicates a different metabolite, and its position is determined by the p-value (log base 10) represented on the y-axis, as well as fold change (log base 2) shown on the x-axis. The size of each point is determined by its VIP (Variable Importance in Projection) value for an OPLS-DA model, indicating the significance of differential expression screening with larger scattered points reflecting more reliable differentially expressed metabolites. The plot shows 221 upregulated differentially expressed metabolites represented by red dots and 81 down-regulated differentially expressed metabolites represented by blue dots. Gray dots represent metabolites detected but not significantly different, indicating no significant change of 2,112 metabolites. After sorting by p-value, the top 5 metabolites with significant differences compared to the control group were labeled in the graph. Among them, N-acetylmuramate(beta-methyl)-L-alanyl-D-glutamate, Biotin sulfone, (3Z)-Phycoerythrobilin, L-Dihyd oorotic acid were significantly upregulated (p < 0.05) whereas 2-(7′-methylthio)heptylmalic acid was down-regulated (p < 0.05). Similarly, the Z-score (standard score) based on the quantitative values of metabolites is used to measure the deviation of differences between the experimental group and the control group. The Z-score plot displays the top 30 differential metabolites sorted by p-value, providing an intuitive comparison of metabolite differences between the two groups. Each hollow circle represents the Z-score of metabolite levels in each sample, with the color of the hollow circles representing different groups (Figure 4C).
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FIGURE 3
 Orthogonal partial least squares-discriminant analysis (OPLS-DA) of the differences in rumen metabolites between 0 g/L and 0.60 g/L silibinin supplementation groups. (A) OPLS-DA score plot. (B) OPLS-DA model substitution test plot.




TABLE 6 Significant differences in metabolic between the control and 0.60 g/L silibinin groups.
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FIGURE 4
 Screening of differential metabolites of rumen metabolites in 0 g/L and 0.60 g/L silibinin supplementation groups (A:SLB; B:CON). (A) Principal component analysis plots for differential groupings, When the number of repetitions in the group was greater than 3, the PCA plot showed the 95% elliptical confidence interval of the group. (B) Heat map of differential metabolite volcanoes, The blue points in the figure represent the down-regulated differentially expressed metabolites, the red points represent the upregulated differentially expressed metabolites, and the gray represents the metabolites detected but the difference is not significant. (C) Differential metabolism Z-score plot, each hollow circle represents the Z-score of the metabolite content in a sample, and the hollow circle color represents different groups.


As different metabolites interact in the organism, different pathways are formed. To gain a more comprehensive understanding of the impact of silibinin on rumen metabolic pathways, we identified and screened for metabolic pathways that displayed significant differences between the two groups. Table 7 showed that the 0.60 g/L silibinin group differed significantly from the control group in the phenylalanine metabolic pathway (p = 0.02), and there was a trend of difference in two metabolic pathways: flavonoid biosynthesis (p = 0.08) and folate biosynthesis (p = 0.10).



TABLE 7 Significant differences in metabolic pathways between the control and 0.60 g/L silibinin groups.
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We screened for differential metabolites in the control and 0.60 g/L silibinin groups with FC < 0.05 or FC > 1 and p ≤ 0.01 (Table 6). 2-Phenylacetamide, N6-(1,2-Dicarboxyethyl)-AMP, phlorizin, Dalspinin, 5,6.7.8-Tetrahydromethanopterin, FMNH, Pyridoxine 5′-phosphate, Silibinin, Beta-D-Fructose 6-phosphate were all up-regulate.




4. Discussion

In this experiment, based on the linear effects of silibinin on most indicators, we selected the maximum dosage group as the research subject for analyzing 16S amplicons and non-targeted metabolomics. By comparing this group with the control group, we aimed to investigate the impact of silibinin on the rumen microbial community, metabolic products, and metabolic pathways to unveil its mechanism in regulating rumen gas production and fermentation parameters. After thoroughly analyzing the results, we discovered that high-dose silibinin influences methane production in the rumen directly and indirectly.

First, an indirect effect of silibinin is its ability to reduce the concentration of methane precursors, thereby indirectly influencing methane production. Ruminal methane production results from the combined effect of various microorganisms within the rumen, and microorganisms, such as protozoa, bacteria, and fungi, play important roles in methane generation within the rumen (Hook et al., 2010). In the rumen, almost all ciliated protozoa are associated with methane-producing bacteria; there is a portion of methane-producing bacteria in the cytoplasm of rumen ciliate protozoa, forming a mutualistic or symbiotic relationship between them (Finlay et al., 1994) which facilitates methanogens in utilizing the H2 produced by the protozoa to generate methane. Isotricha and Ophryoscolex belong to ciliate protozoa (Schrenk and Bardele, 1987; Ivan et al., 2000), and in this experiment, compared to the control group, the relative abundance of these two protozoa was significantly reduced, which may be one of the reasons for the significant decrease in Methanosphaera. Related research has also shown that plant extracts rich in flavonoids have an inhibitory effect on rumen ciliate protozoa (Kim et al., 2015), consistent with the results of this experiment. Furthermore, rumen ciliate protozoa can adhere to feed particles and degrade cellulose, hemicellulose, and starch (Williams et al., 1984; Mendoza et al., 1993), ultimately producing CO2 and H2 for methanogens to utilize. Additionally, the absence of protozoa has been found to reduce organic matter degradation (Newbold et al., 2015). Moreover, silibinin, chemically belonging to flavonoids, has been found to disrupt the cell membrane of rumen protozoa and reduce their population (Ku-Vera et al., 2020), thereby reducing hydrogen transfer between protozoa and methane-producing bacteria. Based on these findings, we speculate that high doses of silibinin may have acted in a similar way on protozoa, leading to the decreased relative abundance of Isotricha and Ophryoscolex observed. This decrease in abundance could have resulted in changes in metabolite production and a reduction in the concentrations of CO2 and H2, ultimately affecting methane levels (Ranilla et al., 2007).

In addition, other indirect effects of silibinin include increased synthesis of propionate and reduced methane production by competitively utilizing substrate H2. Bacteria and fungi in the rumen play a crucial role in fiber degradation, leading to an increase in dry matter degradation rate and the production of VFAs, CO2, and H2. After adding high doses of silibinin, we observed a significant increase in the relative abundance of Succiniclasticum and NK4A214_group. Succiniclasticum has been noted to promote the metabolism of succinate derived from carbohydrate fermentation into propionate (Van Gylswyk, 1995). The production of propionate reduces H2 partial pressure and ensures normal rumen fermentation. However, the relationship between NK4A214_group and propionic acid production remains unclear, and its specific role in the rumen is still not well understood (Pacifico et al., 2021). Further, N6-(1,2-Dicarboxyethyl)-AMP, an upregulated differential metabolite, can be converted into fumarate, which is a precursor of propionate metabolism, by adenosylsuccinate lyase (Timpani et al., 2020). Fumarate acts as an alternative hydrogen sink in the rumen and competes with methanogenic bacteria for H2, thereby reducing CH4 production (Newbold and Rode, 2006). Based on the above analysis, we speculate that the increase in the proportion of propionate in the rumen is likely attributable to the increased relative abundance of Succiniclasticum. It is equally important to note that after adding a high dose of silibinin, there was a significant decrease in the relative abundances of Prevotella, Orpinomyces, and Neocallimastix. Previous studies have shown that flavonoids are usually present in their glycoside form, which is further deglycosylated by glycosidases secreted by microbial communities, increasing aglycone concentrations (Murota et al., 2018); bacteria have evolved diverse metabolic lifestyles and strategies to harvest energy from glycosides (Wang et al., 2022). Moreover, compared to the Proteobacteria phylum, microorganisms within the Bacteroidetes phylum are selectively inhibited by flavonoids (Yu et al., 2023). This explains the increased relative abundances of Succiniclasticum and NK4A214_group and the decreased relative abundance of Prevotella after adding a high dose of silibinin. Furthermore, Orpinomyces and Neocallimastix ferment CO2 and H2 as end products (Williams et al., 2020), and their relative abundances significantly decrease, reducing not only the proportions of CO2 and H2 but also indirectly lowering methane concentrations. In summary, we speculate that high doses of silibinin regulate the relative abundances and metabolic products of bacteria and fungi in the rumen, affecting the concentration of methane precursors and promoting propionate synthesis through competitive utilization of H2, ultimately leading to a reduction in methane production (Zhou et al., 2021).

The direct effect of silibinin in reducing methane production involves modulating the activity of rumen methanogenic bacteria. Ruminal methanogenic bacteria utilize the reducing power generated through rumen fermentation to reduce carbon dioxide, formic acid, methanol or methylamine to CH4. This study showed that compared to the control group, the relative abundance of Methanosphaera was significantly reduced after adding a high dose of silibinin. It is worth noting that Methanosphaera accounts for a relatively small proportion and may have a limited effect on reducing methane concentration. Previous reports have also found that flavonoids can inhibit the activity of Methanosphaera and other methanogenic bacteria and thus reduce CH4 emissions (Seradj et al., 2014; Hassan et al., 2020). Furthermore, epicatechin, quercetin, isoquercetin, and luteolin-7-glucoside reduced the ratio of CH4 production to total gas production (Sinz et al., 2018). In this study, the percentage of methane in the total gas production also significantly decreased with increasing doses of silibinin, consistent with previous research findings.

Furthermore, after analyzing the metabolites, we found that flavin mononucleotide adenine dinucleotide reduced form (FMNH), Pyridoxine 5′-phosphate, and 5,6,7,8-Tetrahydromethanopterin exhibited upregulation. FMNH plays a role in the electron transfer during methane production (Thauer et al., 2008), ultimately being reduced to FMNH2. Pyridoxine 5′-phosphate can be converted into pyridoxal 5′-phosphate (Garrido-Franco, 2003), which inhibits the activity of the final enzyme involved in methane synthesis, namely coenzyme M methyltransferase (Van Der Meijden et al., 1983). During methane generation, 5,6,7,8-Tetrahydromethanopterin (H4MPT) acts as a carrier for the formyl group through the methyl-reduced C1 unit (Van Beelen et al., 1984), forming 10-formyl-H4MPT in methylotrophic organisms (Keltjens et al., 1990). We speculate that it may be that Methanosphaera, a methylotrophic pathway archaea (Wolin, 1985), whose relative abundance significantly decreased, lead to the obstruction of CH4 synthesis and resulting in the upregulation of intermediates such as FMNH, Pyridoxine 5′-phosphate, and 5,6,7,8-Tetrahydromethanopterin. However, further research is needed to validate this. In addition to impacting the production of metabolites, the addition of 0.60 g/L silibinin also had an effect on the phenylalanine metabolic pathway. We presume that the high dose of silibinin affecting the phenylalanine metabolism resulted in the upregulation of differential metabolites 2-Phenylacetamide, Phlorizin, and Dalspinin. In summary, we hypothesize that silibinin modulates the relevant pathways and metabolites in the rumen in a way that affects methane production in the rumen and reduces the proportion of CH4.

In addition, this experiment found that the concentration of NH3-N did not show a linear decrease with increasing dosage of silibinin, and only the group with 0.60 g/L silibinin showed a significant reduction in NH3-N concentration. Previous reports have also shown that supplementation of citrus flavonoids, flavones, myricetin, naringin, catechin, rutin, quercetin, and kaempferol does not affect rumen NH3-N concentration (Oskoueian et al., 2013; Amin et al., 2021). Additionally, Prevotella is involved in the degradation of plant-derived semi-fibrous materials and participates in the process of protein degradation (Betancur-Murillo et al., 2022). We speculate that the decrease in Prevotella relative abundance, possibly due to the addition of 0.60 g/L silibinin, leads to a reduction in protein degradation and subsequently decreases NH3-N concentration (Zhan et al., 2017). However, the optimal range for rumen microbial growth is between 10–50 mg/dL of NH3-N concentration (Firkins et al., 2007). In this experiment, the rumen NH3-N concentration was within this range, indicating that adding a high dose of silibinin may not have a negative impact on microbial biomass protein synthesis. Moreover, related studies have shown a negative correlation between the relative abundance of rumen family NK4A214_group and NH3-N concentration (Liu et al., 2022), as well as a positive correlation between protozoa and NH3-N concentration (Wanapat and Pimpa, 1999), which is consistent with the results of this study. These findings provide new insights into the role of silibinin in regulating the rumen microbial community and methane production mechanisms. On the other hand, from the experimental results, the ingestion of a high dose of silibinin caused a decrease in dry matter degradation rate, which is likely the main reason for the decrease in total volatile fatty acid concentration, and, consequently, the pH value would correspondingly increase. Relevant literature has also indicated that supplementing mulberry leaf flavonoids did not affect the apparent digestibility of dry matter and organic matter (Chen et al., 2015). These results suggest that different plant-derived flavonoid compounds may produce different effects at varying concentrations. In ruminant animal production, volatile fatty acids are important sources of energy, and changes in VFA concentration can affect milk production in cows (Morvay et al., 2011). Therefore, the aim of our study is to reduce methane production while ensuring cow productivity. In this experiment, we selected the group supplemented with 0.60 g/L of silibinin for analysis to better observe the effect of silibinin on rumen methane production. Compared to the group supplemented with 0.00 g/L of silibinin, the group supplemented with 0.075 g/L of silibinin showed no significant difference in total VFA concentration but a significant decrease in methane concentration. Based on this, it can be preliminarily concluded that adding 0.075 g/L of silibinin in vitro experiments can reduce methane concentration without affecting rumen fermentation. Therefore, this group can serve as an additive for in vivo experiments to evaluate the methane-inhibiting effect of silibinin in living organisms.



5. Conclusion

This study provides a theoretical basis for the application of a novel rumen methane regulator. In an in vitro fermentation experiment, silibinin modulates rumen microbial community diversity and community structure, leading to changes in rumen metabolic pathways and metabolites to reduce methane emissions. Notably, silibinin demonstrated the ability to lower methane emissions at reasonable doses without adversely impacting rumen fermentation. Nevertheless, further verification through long-term in vivo experiments is crucial in light of the possible adaptation of rumen microbes to metabolites and differences between in vitro and in vivo findings.
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Grape pomace (GP), a by-product in wine production, is nutritious and can be used as a feed ingredient for ruminants; however, its role in shaping sheep gastrointestinal tract (GIT) microbiota is unclear. We conducted a controlled trial using a randomized block design with 10 Tan lambs fed a control diet (CD) and 10 Tan lambs fed a pelleted diet containing 8% GP (dry matter basis) for 46 days. Rumen, jejunum, cecum, and colon bacterial and archaeal composition were identified by 16S rRNA gene sequencing. Dry matter intake (DMI) was greater (p < 0.05) in the GP than CD group; however, there was no difference in average daily gain (ADG, p < 0.05) and feed conversion ratio (FCR, p < 0.05) between the two groups. The GP group had a greater abundance of Prevotella 1 and Prevotella 7 in the rumen; of Sharpe, Ruminococcaceae 2, and [Ruminococcus] gauvreauii group in the jejunum; of Ruminococcaceae UCG-014 and Romboutsia in the cecum, and Prevotella UCG-001 in the colon; but lesser Rikenellaceae RC9 gut group in the rumen and cecum, and Ruminococcaceae UCG-005 and Ruminococcaceae UCG-010 in the colon than the CD group. The pathways of carbohydrate metabolism, such as L-rhamnose degradation in the rumen, starch and glycogen degradation in the jejunum, galactose degradation in the cecum, and mixed acid fermentation and mannan degradation in the colon were up-graded; whereas, the pathways of tricarboxylic acid (TCA) cycle VIII, and pyruvate fermentation to acetone in the rumen and colon were down-graded with GP. The archaeal incomplete reductive TCA cycle was enriched in the rumen, jejunum, and colon; whereas, the methanogenesis from H2 and CO2, the cofactors of methanogenesis, including coenzyme M, coenzyme B, and factor 420 biosynthesis were decreased in the colon. The study concluded that a diet including GP at 8% DM did not affect ADG or FCR in Tan lambs. However, there were some potential benefits, such as enhancing propionate production by microbiota and pathways in the GIT, promoting B-vitamin production in the rumen, facilitating starch degradation and amino acid biosynthesis in the jejunum, and reducing methanogenesis in the colon.
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 wine by-product, rumen, hindgut, microbiome, methanogenesis


1. Introduction

In ruminant production, feed typically accounts for 60–70% of total production expenditures (Arthur et al., 2004; Karisa et al., 2014). Therefore, saving feed costs by the use of by-products as a feed source for livestock could increase profits substantially. Grapes are cultivated widely to produce wine, the most popular beverage in the world. According to the Food and Agriculture Organization (FAO), there are 75,866 km2 of land worldwide devoted to vineyards, with an annual yield of 74 million tons of grapes, of which approximately 75% is used for winemaking (Beres et al., 2017). In the production of grape juice, whole grape bunches are pressed, and grape pomace (GP), including seeds, skins and stems, remains (Yu and Ahmedna, 2013). The GP, approximately 20% of the total mass, is generally discarded, which can cause serious environmental problems when accumulated.

GP is rich in tannins and other polyphenols. Tannins are high molecular weight polyphenolic compounds that possess antimicrobial, anti-parasitic, anti-viral, antioxidant, anti-inflammatory, and immunomodulatory properties (Besharati et al., 2022). In addition, tannins can increase nitrogen utilization in the gut, improve ruminal fermentation, and decrease methane production in ruminants. However, at high intakes, tannins are considered as anti-nutritional since they bind to proteins, carbohydrates, and other substances, consequently reducing fiber digestibility. GP can be fed to ruminants at approximately 10% of the dry matter intake (Chikwanha et al., 2019; Gao et al., 2019). Previous studies reported that GP could affect nutrient utilization (Abarghuei et al., 2010), enhance meat and milk quality and antioxidant capacity (Ianni and Martino, 2020; Molosse et al., 2021), and reduce methane (CH4) emission (Moate et al., 2014; Russo et al., 2017). In addition, GP can improve rumen fermentation, increase propionate concentration to boost growth performance, and decrease methane emission (Khiaosa-ard et al., 2015; Foiklang et al., 2016a). However, at high intakes (usually >20% DM), GP can be detrimental to rumen fermentation and reduce the digestibilities of dry matter (DM), neutral detergent fiber (NDF) and acid detergent fiber (ADF), and the production of volatile fatty acid (VFAs) (Besharati and Taghizadeh, 2009; Ishida et al., 2015).

The mammalian digestive tract is colonized by vast numbers of microorganisms, including bacteria, fungi, archaea, protozoa, and viruses, which outnumber the cells in the body by hundreds of times and are considered the ‘second genome’ of the animal (Zhu et al., 2010). The rumen is a unique organ in ruminants, accounting for approximately 75% of the total volume of the sheep’s stomach (Membrive, 2016). The microbes in the rumen can ferment complex cellulose, starch, proteins, and lipids, producing VFAs, which provide up to 70% of the host’s energy needs, and can synthesize microbial proteins and vitamin B complexes (Mizrahi et al., 2021). Microbes in the lower gut can also degrade feed and produce CH4. The jejunum is the main site of digestion and absorption of protein and carbohydrates, while microbial fermentation in the hindgut can degrade up to 30% of cellulose and hemicellulose in ruminants (O’Hara et al., 2020). In addition, archaea in the gastrointestinal tract (GIT) produce large amounts of CH4. Enteric CH4 from ruminants accounts for 73% of livestock emissions (Rodrigues, 2016), and the CH4 emission is the equivalent of 2–12% of the digestible energy intake of the host (Johnson and Johnson, 1995). The rumen is the primary site of methane production in sheep, while the hindgut contributes only 6–14% of methane production (Immig, 1996).

The effect of GP on rumen and feces microbiota has been studied (Kafantaris et al., 2017; Biscarini et al., 2018), but the results have been equivocal. GP may potentially enhance the abundance of beneficial bacteria and suppress methane emission (Ross et al., 2013), or have no impact on the composition and function of rumen microbiota (Buffa et al., 2020). There has been no comprehensive study on the potential shaping effects of feed supplemented with GP on the GIT microbiome. To fill this gap, we examined the effect of GP on bacteria and archaea in different segments of the GIT of Tan lambs. We hypothesized that adding GP (8%) would enhance sheep growth, have a positive impact on gastrointestinal microbe fermentation, and reduce methane production.



2. Materials and methods

The protocol of the study and all procedures on the lambs complied with animal research and welfare recommendations and were approved by the Academic Committee of the Northwestern Institute of Eco-Environment Resources, Chinese Academy of Sciences (protocol number: CAS201810082).


2.1. Experimental design, diets, and management

Twenty castrated, 3-month-old Tan lambs of similar body condition and weight (22 ± 1.7 kg) were divided randomly into two groups (a separate sheepfold for each group) of 10 lambs each: one group was fed a control diet (CD) and one group was fed a diet containing 8% GP by DM. The diets were offered twice daily, at 8:00 and 18:00, with free access to water and lick mineral blocks for 46 d. The GP was bought from a winery at the eastern foot of the Helan Mountain, and after drying, the feed was prepared by the Feed Engineering Technology Research Center of Ningxia University. The two diets were iso-nitrogenous, with the same energy yield and were prepared according to the Feeding Standards for sheep and goats (Ministry of Agriculture of China, 2005; Table 1). The lambs were weighed before morning feed was offered on days 0 and 47 to calculate average daily gain (ADG). All feed offered and feed remains before the feed was offered each morning were weighed to determine daily dry matter intake (DMI). Feed conversion ratio (FCR) was calculated as the ratio between DMI (g/d) and ADG (g/d).



TABLE 1 Ingredients and chemical composition of the control (CD) and grape pomace (GP) diets.
[image: Table1]



2.2. Sample collection and feed composition

After the feeding trial, 5 lambs were selected randomly from each group and transported to a nearby abattoir for traditional halal slaughter. The rumen, jejunum, cecum, and colon were separated by ligation with cotton thread to prevent the contents from moving between adjoining sections, their contents were collected with sterile forceps into 2 mL sterile lyophilization tubes, stored in liquid nitrogen, and brought to the laboratory for storage at-80°C.

The chemical composition of GP and feeds was determined following the Association of Official Analytical Chemists (AOAC International, 2007), and included DM (934.01), ether extract (945.16), crude protein (990.03, Kjeldahl, N × 6.25), calcium (927.02), and phosphorus (965.17). The NDF (assayed with a heat-stable amylase) and ADF were measured using the filter bag technique with a fiber analyzer (A2000; ANKOM Technology, NY, USA), as described by Van Soest et al. (1991) (Table 2).



TABLE 2 Dry matter intake (DMI), body weights, average daily gain (ADG) and feed conversion ratio (FCR) in lambs consuming control (CD) and grape pomace (GP) diets.
[image: Table2]



2.3. DNA extraction, amplification, and sequencing

The cetyltrimethylammonium bromide method was used to extract DNA from each sample, and subsequent determination of DNA purity and concentration used agarose gel electrophoresis. The polymerase chain reaction (PCR) was done with the V3-V4 region of bacteria and the V4-V5 region of archaea as targets. After PCR product mixing and purification, PCR products were extracted using the library constructed by the TruSeq® DNA PCR-Free Sample Preparation Kit, and after Qubit and real-time PCR quantification, the library was sequenced using NovaSeq6000.



2.4. Bioinformatics analysis

The QIIME 2 (Bolyen et al., 2019) was used for microbiome bioinformatics. The q2-demux plugin was used to demultiplex and quality filter the raw sequence data; the feature table was clustered by 97% similarity using Vsearch (Rognes et al., 2016). All the operational taxonomic units (OTUs) were aligned using the mafft (Katoh et al., 2002), and were used to construct a phylogenic tree using fasttree2 (Price et al., 2010). Taxonomy was assigned to OTUs using the q2-feature-classifier (Bokulich et al., 2018), classify-sklearn naïve Bayes taxonomy classifier against the Silva 138 99% reference sequences (McDonald et al., 2012) to classify and annotate OTUs. Filtering feature tables included total-frequency-based filtering by data volume, species-based filtering of tables and sequences. Alpha and beta diversities, microbial composition and MetaStat analysis of difference species calculation and visualization used the R package microeco (Liu et al., 2020); and functional prediction used phylogenetic investigation of communities by reconstruction of unobserved states (PICRUSt2) (Douglas et al., 2020) based on the metabolic pathways from all domains of life (MetaCyc) database (Caspi et al., 2020).



2.5. Statistical analyses

The ADG, DMI and FCR were compared between dietary groups using a one-way ANOVA (SPSS 26, Chicago, IL, USA). Alpha diversity indices were compared between groups using the Wilcox test, beta diversity was analyzed using multivariate analysis of variance (PERMANOVA), differences in the relative abundances of the rumen, jejunum cecum, and colonic microbiota at the genus level were tested by MetaStat analysis (Paulson et al., 2011), for different site differential pathway analysis of treatments used the Welch’s t-test test, correlations between differential microbiota and MetaCyc pathways used the “corr.test” function in R4.2.2, and false discovery rate (FDR)-corrected Spearman’s correlation test and visualized used the Pheatmap R package. A level of p < 0.05 was accepted as significant and 0.05 < p < 0.10 as tended to be significant.




3. Results


3.1. Effect of grape pomace on average daily gain, dry matter intake and feed conversion ratio in Tan lambs

The DMI was greater (p < 0.05) in the GP than CD group, but there was no difference (p > 0.05) between the two groups in initial and final body weights, ADG and FCR (Table 2).



3.2. Grape pomace altered gastrointestinal bacterial community structure

A total of 3,441,427 and 3,460,722 paired-end sequencing reads were obtained from four different parts of the GIT of the lambs using 16S rRNA gene sequencing for bacterial V3-V4 region and archaeal V4-V5 region, and 8,253 sequences and 6,430 OTUs were obtained by quality control and Vsearch clustering. In addition, 2055 and 297 OTUs were obtained by total-frequency-based filtering (samples with a total frequency of less than 31,488 and all features with a total abundance of less than ten were filtered), contingency-based filtering (filtered the feature present in at least two samples), and taxonomy-based filtering of tables (removed all features that contain either mitochondria or chloroplast, excluded the archaea at kingdom-level annotation in bacterial results and the bacteria in archaeal results) for subsequent analyses.

The first set of questions examined the feasibility of sequencing. The construction of the rarefaction curve (Figure 1A) demonstrated that the curve tended to plateau and, therefore, the sequencing data were large enough to reflect most of the microbial diversity information in the samples. Next, we analyzed the effect of diet and GIT position on alpha diversity (Figure 1B). The Chao1 index was lesser (p = 0.008) and the Shannon index tended to be lesser (p = 0.056) in the rumen of the GP than in CD lambs. In the GIT, the Shannon (p = 0.0005) and Chao1 indices (p = 0.031) in the rumen were greater than in the jejunum, and both were greater than in the cecum (Shannon: p = 0.031, Chao1: p = 0.006) and colon (Shannon: p = 0.006). The Shannon index of the jejunum was lesser than the cecum (Shannon: p < 0.001) and colon (Shannon: p < 0.001, Chao1: p = 0.046), and Chao1 index of the cecum was lesser than the colon (p = 0.046). We compared the beta diversity of microorganisms in CD and GP groups in different GIT sites; they were different (p = 0.001) and the figure separated the rumen, jejunum, and hindgut at the OTU level (Figure 1C). Only in the rumen (p = 0.051) and cecum (p = 0.096) did the bacterial composition tend to differ between the CD and GP groups (Figures 1D,E).
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FIGURE 1
 Effect of control (CD) and grape pomace (GP) diets on the bacterial community structure of the gastrointestinal tract (GIT). (A) The rarefaction curve calculated by observed features; (B) Alpha diversity representing species richness and evenness using Chao1 and Shannon indices of CD and GP in GIT; Principal-coordinate analysis (PCoA) of the GIT (C), rumen (D) and cecum (E) bacteria community at OTUs level by PERMANOVA analysis based on weight uniFrac distances. CDR, control diets rumen; GPR, GP rumen; CDJe, control diets jejunum; GPJe, GP jejunum; CDCe, control diets cecum; GPCe, GP cecum; CDCo, control diets colon; GPCo, GP colon. Data are presented as mean ± standard error of mean (SEM) (n = 5). ***p < 0.001, **0.001 < p < 0.01, *0.01 < p < 0.05.




3.3. Composition and biomarkers of gastrointestinal bacteria in different treatments

We analyzed the overlap and differences of the OTUs between the CD and GP groups. The number of OTUs in the GP group was lesser in the rumen and jejunum, but greater in the cecum and colon than in the CD group. Upset plots also display the zonal changes in bacterial OTUs at different sites and similarities in adjacent sites (Figure 2A). The dominant phyla (Figure 2B) were Firmicutes (CD: 52.7%, GP: 43.0%) and Bacteroidetes (CD: 35.2%, GP: 41.3%) in the rumen; Firmicutes (CD: 63.8%, GP: 60.4%), Actinobacteria (CD: 23.7%, GP: 29.4%) and Bacteroidetes (CD: 7.43%, GP: 6.22%) in the jejunum; Firmicutes (CD: 66.9%, GP: 69.1%) and Bacteroidetes (CD: 27.9%, GP: 26.4%) in the cecum; and Firmicutes (CD: 68.7, GP: 64.3%) and Bacteroidetes (CD: 26.6%, GP: 28.6%) in the colon. The dominant genera (Figure 2C) were Prevotella 1 (CD: 8.57%, GP: 20.3%), Rikenellaceae RC9 gut group (CD: 10.0%, GP: 5.68%) in the rumen; Bifidobacterium (CD: 13.4%, GP:18.0%), Romboutsia (CD: 15.4%, GP:7.84%), Paeniclostridium (CD: 11.42%, GP: 5.76%) in the jejunum; Ruminococcaceae UCG-005 (CD: 11.35%, GP:10.50%), Rikenellaceae RC9 gut group (CD: 9.92%, GP:7.88%) in the cecum; and Ruminococcaceae UCG-005 (CD: 10.62%, GP:6.69%), Rikenellaceae RC9 gut group (CD: 6.97%, GP: 6.34%), in the colon.
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FIGURE 2
 Composition of the gastrointestinal tract bacteria in each group. (A) The upset diagram in different treatments for different sites; (B) Top 10 bacteria at phylum level; (C) Top 20 bacteria at the genus level. CDR, control diet rumen; GPR, grape pomace diet rumen, CDJe, control diet jejunum; GPK, GP jejunum; CDCe, control diets cecum; GPCe, GP cecum; CDCo, control diets colon; GPCo, GP colon.


We screened for biomarkers at the four sites of the GP group. MetaStat analysis (Figure 3) revealed that there were differences between GP and CD in the GIT. Compared to the CD group, the relative abundances of Prevotella 1 (p = 0.01), Prevotella 7 (p = 0.008), Paeniclostridium (p = 0.030), and Clostridium sensu stricto 1 (p = 0.009) increased in the rumen of the GP group, while Rikenellaceae RC9 gut group (p = 0.02) and [Eubacterium] coprostanoligenes group (p = 0.008) decreased. Prevotella 1 displayed the greatest variation in the rumen. The abundance of several bacteria in the jejunum increased in the GP group, including Ruminococcus 2 (p = 0.041), Sharpea (p = 0.023), [Ruminococcus] gauvreauii group (p = 0.016), Olsenella (p = 0.037) and Mogibacterium (p = 0.008). The abundance of Ruminococcaceae UCG-014 (p = 0.030), Romboutsia (p = 0.039), Lachnoclostridium 10 (p = 0.020) and Paeniclostridium (p = 0.046) were greater in the cecum, and the abundance of Rikenellaceae RC9 gut group (p = 0.018), Akkermansia (p = 0.023) were lesser in the GP than CD group. In the colon of the GP group, similar trends were exhibited in that the abundance of Ruminococcaceae UCG-005 (p = 0.028), Ruminococcaceae UCG-010 (p = 0.049), Ruminococcaceae UCG-009 (p = 0.006), Ruminococcaceae UCG-002 (p = 0.006) and Oscillibacter (p = 0.043) were lesser, but of Prevotellaceae UCG-001 (p = 0.049) was greater than in the CD group.
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FIGURE 3
 Bacteria at the genus level with significant differences in relative abundances (>0.1%) between control (CD) and grape pomace (GP) groups in the rumen, jejunum, cecum, and colon. Data are presented as mean ± standard deviation (SD) (n = 5). The bars are arranged in descending order of value of p.




3.4. PICRUSt2 predicted significant differences in Metacyc pathways

The functions in gastrointestinal bacteria following GP feed were predicted using PICRUSt2, in which the sequences and abundances were input, and gene family and pathway abundances were output. The functional predictions based on the MetaCyc database of metabolic pathways and enzymes obtained 388 pathways.

The differential pathways (>0.1%) after treatment were analyzed using Welch’s t-test in each region (Figure 4), with the most differential pathways in the colon and least in the cecum. In the rumen, the GP up-regulated the ASPASN-PWY (superpathway of L-aspartate and L-asparagine biosynthesis), PWY − 5,154 (L-arginine biosynthesis III) involved in vitamin biosynthesis, amino acid biosynthesis: PANTO−PWY (phosphopantothenate biosynthesis I), PWY − 6,892 (thiazole biosynthesis I) and carbohydrate degradation: and RHAMCAT−PWY (L-rhamnose degradation I); and down-regulated sugar metabolism PWY − 6,588 (pyruvate fermentation to acetone), REDCITCYC (TCA cycle VIII), PENTOSE−P − PWY (pentose phosphate pathway), PRPP−PWY (superpathway of histidine, purine, and pyrimidine biosynthesis), and PWY − 5,345 (superpathway of L-methionine biosynthesis). In the jejunum, the GP group up-graded the pathways in polysaccharide degradation: GLYCOCAT-PWY (glycogen degradation I), PWY-6737 (starch degradation V); but down-graded 11 pathways of amino acid metabolism: branched amino acid biosynthesis (ILEUSYN-PWY, ILEUSYN-PWY, PWY-5103, VALSYN-PWY, BRANCHED-CHAIN-AA-SYN-PWY), arginine (ARGSYNBSUB-PWY), serine (SER-GLYSYN-PWY) e.g., folate biosynthesis (PWY-7539, PWY-6147) and thiamine biosynthesis (PWY-6892). In the cecum, the pathways of PWY-6317 (galactose degradation I), PWY0-781 (aspartate superpathway) were up-graded, but vitamin biosynthesis (PYRIDOXSYN-PWY, PWY0-845) was down-regulated. The GP up-regulated seven amino acid metabolism pathways (HOMOSER-METSYN-PWY, P4-PWY, PWY0-781, PWY-5347, PWY-6630, PWY-6628), mannan degradation (PWY-7456), and mixed acid fermentation (TFERMENTATION-PWY); and down-regulated 11 pathways linked with amino acid metabolism such as L-isoleucine biosynthesis (PWY-5101, ILEUSYN-PWY, PWY-5103), L-valine biosynthesis (VALSYN-PWY), L-lysine biosynthesis (PWY-2942); carbohydrate metabolism: TCA cycle VIII (REDCITCYC), nicotinamide adenine dinucleotide biosynthesis I (PYRIDNUCSYN-PWY), pyruvate fermentation to acetone (PWY-6588); cofactor, carrier, and vitamin biosynthesis (COA-PWY, 1CMET2-PWY, PYRIDNUCSYN-PWY) and nucleoside and nucleotide biosynthesis (PWY-5686, PWY-6122, PWY-6277, PWY-7208, PWY-7219) in the colon.
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FIGURE 4
 Significantly different MetaCyc pathways in rumen, jejunum, cecum, and colon. The error bars on the columns represent the standard error of mean (SEM).




3.5. Correlation of bacteria at the genus level and MetaCyc pathways

There were strong correlations between most of the bacteria and pathways in different sites (Figure 5). In general, there was a positive correlation between up-graded pathways and the genera that were most abundant in CD; whereas, the less abundant genera in CD displayed negative correlations. In general, there were positive correlations between up-graded pathways and the genera that were most abundant in CD, while, the least abundant genera in CD were correlated negatively. For rumen bacteria, the GP-altered microbes exhibited a functional distinction. In GP lambs, the relative abundances of the rumen Prevotella 1, Prevotella 7, Paeniclostridium, and Clostridium sensu stricto 1 were correlated positively with the up-regulated pathways of L-arginine biosynthesis, queuosine biosynthesis, peptidases, and inhibitors, glycerophospholipid metabolism, and phosphopantothenate biosynthesis, and negatively with the down-regulated pathways. There were positive correlations between the low abundant bacteria in CD, including the Rikenellaceae RC9 gut group, [Eubacterium]coprostanoligenes group, and Oscillibacter with pyruvate fermentation to acetone, TCA cycle Vlll, and the down-regulated pathways. However, there were negative correlations between these bacteria and the up-regulated pathways. In the jejunum, the six significantly different bacteria species were all greater in the GP than CD group. In the jejunum, the GP group had six bacteria species with greater abundance than in the CD group; those genera were correlated positively with amino acid biosynthesis, starch and glycogen digestion. Solobacterium, [Ruminococcus] gauvreauii group and Mogibacterium were correlated positively with most up-regulated pathways. The main changed microorganisms of jejunum were correlated negatively with folate biosynthesis (PWY-7539, PWY-6147) and thiamine biosynthesis (PWY-6892). In the cecum, the Rikenellaceae RC9 gut group was correlated positively with vitamin biosynthesis (PYRIDOXSYN-PWY, PWY0-845), but negatively with the up-graded pathways (galactose degradation and aspartate superpathway). Romboutsia, Olsenella, Paeniclostridium, Butyrivibrio were correlated positively with vitamin biosynthesis (PYRIDOXSYN-PWY, PWY0-845), and negatively with the down-graded pathways. In the colon, the genus Prevotellaceae UCG-001 was correlated positively with MET-SAM-PWY (superpathway of S-adenosyl-L-methionine biosynthesis), Prevotellaceae UCG-001 was correlated negatively with the down-graded pathways, while Ruminococcaceae UCG-002, Ruminococcaceae UCG-010, and Papillibacter were correlated positively with most down-regulated pathways. Ruminococcaceae UCG-005 and Ruminococcaceae UCG-09 were correlated positively with isoleucine (ILEUSYN-PWY, PWY-5101), valine (VALSYN-PWY), lysine (PWY-2942, PWY-5097), histidine (HISTSYN-PWY), and threonine (HRESYN-PWY) biosynthesis.
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FIGURE 5
 Spearman correlations between genera and pathways in rumen (A), jejunum (B), cecum (C), and colon (D). For each heatmap, rows correspond to bacteria at the genus level, columns correspond to MetaCyc pathways. Red and blue represent the positive and negative correlations, respectively. The intensity of the colors denotes the degree of correlation between the genera abundances and the pathways. **p < 0.01, * p < 0.05.




3.6. The difference in gastrointestinal archaea diversity and biomarkers

Alpha and beta diversities of archaea were used to characterize species diversity within and between GIT segments. Sequencing analysis of archaea from different segments of the GIT revealed that the Shannon index (p = 0.056) tended to be greater in the rumen of GP than CD (Supplementary Figure S1A); however, the Chao1 index did not differ between dietary treatments in the different sites of the GIT. The beta diversity of each site (Supplementary Figure S1B) also displayed differences (p = 0.001), with the GP diets altering the beta diversity of the jejunum (p = 0.006) and colon (p = 0.008) at the OTUs level (Supplementary Figures S1C,D).

To characterize the archaeal composition, the relative abundances of the top 10 phyla and genera were charted. At the phylum level (Supplementary Figure S2A), in the rumen and jejunum, Euryarchaeota (CDR:95.4%, GPR:91.1%, CDJe:99.1%, GPJe:97.2%) dominated, followed by Halobacterota (CDR:0.16%, GPR: 5.05%, CDJe:0.69%, GPJe:2.47%) and Thermoplasmatota (CDR:4.56%, GPR: 3.32%, CDJe:0.23%, GPJe:0.34%), while in the cecum and colon, Halobacterota (CDCe:46.8%, GPCe:42.5%, CDCo:16.1%, GPCo:56.5%) and Euryarchaeota (CDCe:53.0%, GPCe:56.8%, CDCo:83.8%, GPCo:42.9%) dominated. At the genus level (Supplementary Figure S2B), Methanobrevibacter (CDR:95.2%, GPR: 91.3, CDJe:99.7%, GPJe:97.2%) dominated in the rumen and jejunum, followed by Methanocorpusculum (CDR:0.10%, GPR:4.80%, CDJe:0.67%, GPJe:2.46%) and Methanosphaera (CDR:0.90%, GPR:2.60%, CDJe:4.20%, GPJe:6.17%); and in the cecum and colon, Methanocorpusculum (CDCe:95.2%, GPCe:91.3, CDCo:99.7%, GPCo: 97.2%) and Methanobrevibacter (CDCe:52.4%, GPCe:56.0%, CDCo:83.3%, GPCo: 42.0%) dominated, followed by Methanocorpusculum (CDCe:46.8%, GPCe:42.5%, CDCo:15.9%, GPCo:52.3%).

The Metastats analysis detected the change of archaea in different sites in the GIT at the genus level (Supplementary Figure S2C). The dominant genera were Methanobrevibacter and Methanocorpusculum, but the change in the cecum was from other genera. Methanobrevibacter was lesser in the rumen (p = 0.01), jejunum (p = 0.06) and colon of GP (p = 0.007), but greater in the cecum (p = 0.007) in the CD than GP group. Moreover, the abundance of Methanocorpusculum was greater in the rumen (p = 0.03), jejunum (p = 0.06) and colon (p = 0.009) and tended to be lesser in the cecum (p = 0.09) in the GP than CD group.

We used PICRUSt2 to predict changes in archaeal function in different GIT sites by the MetaCyc database, and 262 pathways were obtained. The relative abundances of pathways greater than 0.1% were tested for differences between dietary groups at each GIT site. The pathways of the jejunum and colon were distinct, whereas the cecum did not show any difference (Figure 6). The incomplete reductive TCA cycle (P42-PWY) was up-regulated, while phosphopantothenate biosynthesis III (PWY-6654) was down-regulated in the rumen of the GP group. In the jejunum in the GP group, only the pathway of incomplete reductive TCA cycle (P42-PWY) was up-regulated, while 14 amino acid metabolism pathways, including arginine biosynthesis (PWY-7400, ARGSYN-PWY, ARGSYNBSUB-PWY), isoleucine biosynthesis (PWY-5104, ILEUSYN-PWY, PWY-5103, PWY-3001), and lysine biosynthesis (PWY-2942, PWY-5097), were down-regulated. In the colon, the GP group had a greater enrichment of pathways in the carbohydrate metabolism as incomplete reductive TCA cycle (P42-PWY), guanosine diphosphate mannose biosynthesis (PWY-5659), superpathway of guanosine diphosphate mannose-derived O-antigen building blocks biosynthesis (PWY-7323), and 5 purine nucleotide biosynthesis, including superpathway of guanosine nucleotides de novo biosynthesis I (PWY-7228), superpathway of guanosine nucleotides de novo biosynthesis II (PWY-6125), adenosine deoxyribonucleotides de novo biosynthesis II (PWY-7220), guanosine deoxyribonucleotides de novo biosynthesis II (PWY-7222), and superpathway of adenosine nucleotides de novo biosynthesis II (PWY-6126). Furthermore, methanogenesis from H2 and CO2 (methanogenesis-PWY), 15 amino acid biosynthesis such as lysine (PWY-2942, PWY-5097), arginine (PWY-7400, ARGSYN-PWY, ARGSYNBSUB-PWY), methionine (HSERMETANA-PWY), isoleucine (PWY-3001, PWY-5103, ILEUSYN-PWY, PWY-5104, PWY-5101), six co-factor, carrier, and vitamin biosynthesis: factor 420 biosynthesis (PWY-5198), co-enzyme M biosynthesis I (P261-PWY), co-enzyme B biosynthesis (P241-PWY), thiamin salvage II (PWY-6897), flavin biosynthesis II (PWY-6167), co-enzyme A biosynthesis I (COA-PWY); and pyruvate fermentation to isobutanol (PWY-7111) were down-regulated.
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FIGURE 6
 Different archaeal prediction pathways at different regions in Tan lambs after consuming grape pomace. The error bars on the columns represent the standard error of mean (SEM).





4. Discussion

Dietary composition is the main factor influencing gastrointestinal microbiology. In the present study, GP reduced the alpha diversity and altered the community structure of rumen bacteria, and the community structure of jejunal and colonic archaea. Host metabolism was affected by altering the relative abundances of some bacteria (Prevotella, Rikenellaceae RC9 gut group, and Ruminococcus) and archaea (Methanobrevibacter and Methanocorpusculum). The GP induced alterations in the bacteria associated with fermentation in the rumen and colon and changes in their metabolic functions and fermentation patterns, while inhibiting the metabolic activity of colonic archaea.

Under iso-energetic and iso-nitrogenous conditions, replacing 8% of corn with GP and increasing soybean oil in the diet resulted in higher DMI. The high energy soybean oil (16.2 g at 34.7 kJ DE/g) was added to compensate for the low energy GP (80 g at 6.8 kJ DE/g), so that the diets would be iso-energetic and iso-nitrogenous. This increase in intake in the GP diet could be attributed to the potential improvement in palatability due to the soybean oil (Macleod and Buchanan-Smith, 1972). Similar to a previous study, a dietary GP of approximately 10% resulted in an increased DMI in sheep (Zhao et al., 2018). Comparison of the two iso-energetic and iso-nitrogenous diets, a diet with 8% GP did not improve growth performance or FCR, and, consequently our first hypothesis was not supported. However, the present results are consistent with other studies that reported diets with less than 20% GP did not affect FCR in sheep (e.g., Chikwanha et al., 2019). The FCR in the Tan lambs in the present study was relatively high, 8.21 and 9.03; but similar results have been reported in other studies. For example, Liu et al. (2021) reported a FCR of 9.1 with ad libitum intake and a range between 8.1 and 10.3 with different intakes for Tan sheep. Tan sheep are hardy and well adapted to a dry, cold and windy environment, but FCR is poor.

Broadly consistent with previous studies (Zhang et al., 2018; Xie et al., 2021), bacteria and archaea of the GIT displayed spatial heterogeneity in community structure and composition, as he GIT microbiome differed among rumen, small intestine, and hindgut. The alpha diversity of rumen bacteria decreased, while there were marked changes in the bacterial community structure with the consumption of GP. These results differed from those of Rolinec et al. (2023) who reported that the consumption of a diet with 1 and 2% GP increased alpha diversity among rumen bacteria and stimulated higher levels of methanogen abundance. The difference among studies may be attributed to differing levels of dietary GP. It is possible that the polyphenols in GP inhibit bacteria. Polyphenols have a stronger bactericidal effect on gram-positive bacteria than on gram-negative bacteria due to the structure of their cell walls and the arrangement of their outer membranes. These polyphenols modify the membrane’s permeability and integrity of the cell walls of gram-negative bacteria in the rumen (Vasta et al., 2019).

In the present study, although the dominant bacterial species in the rumen and colon differed, their bacteria and functions were similar. Prevotella 1 was the dominant bacterial genus in the rumen of sheep (Henderson et al., 2015; Li et al., 2020). This genus degrades carbohydrates (starch, hemicellulose, and pectin) and proteins to produce succinic and acetic acids (Krieg et al., 2010; Accetto and Avguštin, 2019). The association of Prevotella with propionate production has been reported previously (Strobel, 1992; Purushe et al., 2010; Betancur-Murillo et al., 2023). Propionate is the major substrate for hepatic gluconeogenesis in ruminants, with an energy utilization efficiency of 109% (Orskov, 2012), competes for hydrogen in propionate production by Prevotella, and also reduces the production of methane (Denman et al., 2015). Ruminococcaceae are the dominant fiber fermentation bacteria in the GIT of sheep, producing mainly acetate (Peng et al., 2021; Ma et al., 2022). The reduction in fiber-degrading bacteria may be due to the binding of tannins to the fibers or their inhibitory effect on microbial activity. Tannins can prevent microorganisms from attaching to the fiber, and gram-positive specialized fibrolytic bacteria are very susceptible to tannins (McSweeney et al., 2001). Previous research demonstrated that distiller’s dried grains with solubles (DDGS) and tannin-rich diets reduced the abundance of rumen Ruminoccoccaceae and increased the abundance of Prevotella (Khiaosa-ard et al., 2015; Pannell et al., 2022), as was observed in the present study.

The up-regulated pathways in the rumen and colon were all related to glycolysis. L-rhamnose, a part of complex pectin polysaccharides, produced pyruvate upon degradation and increased propionate production in in vivo and in vitro studies (Hosseini et al., 2011). Mannan, a major component of plant hemicellulose (Moreira and Filho, 2008), promotes the glycolytic pathway, that is, the mixed acid (from glycolysis) fermentation to lactate, succinate, and acetate. The plant structural carbohydrates and hemicellulose are rich in pentose, and down-regulating the pentose phosphate pathway decreases acetate. Down-regulation of the TCA cycle inhibits acetyl-co-enzyme A conversion to reduce further the precursors for acetate and butyrate synthesis (Ungerfeld, 2020). Furthermore, thiamin diphosphate and phosphopantothenate, also known as vitamin B1 and B5, were up-regulated pathways, and, therefore, GP promotes the synthesis of B-vitamins in the rumen. The microbial synthesis of vitamin B in the rumen meets the vitamin requirement of the host and is a co-factor for various enzymes involved in the metabolism of fatty acids, carbohydrates, and amino acids. Thiamin diphosphate is an essential co-factor for a variety of enzymes, such as transketolase, pyruvate dehydrogenase, pyruvate decarboxylase, and α-ketoglutarate dehydrogenase (Lawhorn et al., 2004). Phosphopantothenate is an essential precursor for the synthesis of co-enzyme A, a co-factor in many intermediate metabolic pathways (Begley et al., 2001).

The jejunum digests and metabolizes starch and absorbs nutrients. In the GP group, the dominant genera belonged mainly to Firmicutes, which up-regulated bacterial starch, glycogen degradation, and amino acid biosynthesis. Sharpea and [Ruminococcus] gauvreauii group enhance the degradation of starch and glycogen. Sharpea ferments starch and melibiose to produce lactic acid and CO2 (Morita et al., 2008); lactic acid reduces gut pH and inhibits the proliferation of pathogenic bacteria, and, consequently, Sharpea is beneficial for the host’s health (Xu et al., 2018; Ma et al., 2020). Ruminococcus 2 (family Ruminoccoccaceae) ferments starch to produce propionate (Tong et al., 2018; Chen et al., 2021), while [Ruminococcus] gauvreauii group, (Lachnospiraceae) ferments glucose into acetic acid (Domingo et al., 2008). Mogibacterium ferments starch and produces phenylacetate, but does not ferment carbohydrates (Schleifer, 2009), and its abundance increased when fed a high grain diet (Liu et al., 2015). The up-regulation of several amino acid synthesis pathways in the jejunum may be related to the polyphenols in GP, which bind to proteins, slowing down the degradation in the rumen and increasing protein metabolism in the small intestine (Guerra-Rivas et al., 2017).

The ruminant hindgut, which includes the cecum and colon, also ferments carbohydrates. However, differences in cecal bacteria and archaea between CD and GP were minor. The abundance of Rikenellaceae RC9 gut group decreased, but of Ruminococcaceae UCG-014, Romboutsia and Lachnoclostridium increased in the GP group. GP enriched the galactose degradation and aspartate superpathway. It was reported that the abundance of Ruminococcaceae UCG-014 and Olsenella were correlated positively with feed efficiency in the rumen (Elolimy et al., 2020; McLoughlin et al., 2020). There was an increased abundance of these two bacteria in the cecum in the GP lambs, which may have promoted carbohydrate fermentation and improved feed efficiency. Olsenella was the only Actinobacterium with substantial variation, increased in both jejunum and cecum, and was correlated positively with glycogen and galactose depletion. Olsenella ferments starch and glycogen substrates to produce lactic, acetic, formic, and succinic acids (Göker et al., 2010; Kraatz et al., 2011). Paeniclostridium increased in both the rumen and cecum, and correlated with altered pathways in the rumen. Although this bacterium is potentially pro-inflammatory, as it produces hemorrhagic toxins that cause loss of gastrointestinal tissue and body disease (Lee et al., 2020), it was reported to be the predominant bacterium in the rumen of sheep (Zhao et al., 2023). Paeniclostridium has not been found in in vivo studies in which GP or polyphenols was fed to sheep. Some potential roles of Paeniclostridium were discovered in the bovine intestine, where the glycolytic pathways were up-regulated by the increased abundance of Paeniclostridium and Romboutsia (Sim et al., 2022). There appears to be a relationship between Paeniclostridium, Romboutsia, or Clostridium sensu stricto 1 and the fermentation process as they are the dominant bacteria in avocado oil processing waste feedstocks and dark fermentative hydrogen production (Yang and Wang, 2019; Ijoma et al., 2022). Clostridium sensu stricto 1 can be fermented to produce butyric acid (Wang et al., 2017).

Rikenellaceae RC9 gut group and [Eubacterium] coprostanoligenes group are the main bacteria that decreased in relative abundances with GP. Rikenellaceae RC9 gut group is associated with rumen cellulose degradation, and it was reported that the ruminal abundance decreased in sheep fed high grain diets and diets with low NDF (Zened et al., 2013; Zhang et al., 2017). The [Eubacterium] coprostanoligenes group reduces cholesterol to coprostanol and ferments carbohydrates to produce acetic, formic and succinic acids (Freier et al., 1994). The ruminal abundance increased in animals fed a high energy, high lignin diet (Khatoon et al., 2022), and these bacteria were correlated positively with the TCA cycle, pentose phosphate pathway, and pyruvate fermentation to acetone. GP reduced the abundance of the Rikenellaceae RC9 gut group and the [Eubacterium] coprostanoligenes group, which may affect carbohydrate metabolism. We, therefore, propose that GP increases the abundance of propionate-producing and starch-fermenting bacteria and pathways, and decreases cellulose metabolism, thereby altering gastrointestinal fermentation, which supports our second hypothesis. Previous studies demonstrated that GP promotes propionate production and reduces acetate concentration (Foiklang et al., 2016a,b). The cashew nut shell liquid is rich in polyphenols, as is grape pomace. It has a comparable effect on rumen fermentation and reduces methane emissions (via hydrogenotrophic methanogenesis) by directly inhibiting hydrogenotrophic methanogenesis and reducing the copy number of the mcrA gene, fiber degradation, and the resulting H2 production (Shinkai et al., 2012).

Archaea are the only methane producers in the GIT (Janssen and Kirs, 2008). Four main types of methanogenic pathways have been identified: the pathway from H2 and CO2, the aceticlastic pathway from acetate, methanogenesis from methylated compounds, and methanogenesis from methoxylated aromatic compounds. The H2 and CO2 and methyltropic pathways are the main sources of soluble methane production in the gut (Beauchemin et al., 2020). The rumen and hindgut are the main sites of methane production, where methanogens play an essential role. In the GIT (except cecum), the abundance of Methanobrevibacter decreased, of Methanocorpusculum increased, and the pathways of incomplete reductive TCA cycle were up-regulated. The differences in archaea and pathways between CD and GP were particularly noticeable in the colon. Consistent with findings of earlier studies (Henderson et al., 2015), the most common genus of archaea was Methanobrevibacter, which can convert H2 or acetate to produce methane (Leahy et al., 2013). Methanocorpusculum occurs in the hindgut and feces of cattle and sheep and is associated with methane production (Ngetich et al., 2022), but the mechanism of action warrants further study. GP can inhibit methane production, due to the polyphenols, such as tannins, which inhibit methanogens and protozoa, and reduce fiber degradation and H2 production (Moate et al., 2014). In the current study, GP decreased the relative abundance and function of Methanobrevibacter in the GIT, which would support our third hypothesis. Methanogens are incapable of a complete oxidative or reductive TCA cycle, and incomplete cycles produce biosynthetic intermediates (Goodchild et al., 2004). However, in response to anaerobic or microaerophilic growth conditions, these incomplete cycles can still convert pyruvate into necessary biosynthetic intermediates (Wood et al., 2004). In the colon, the pathways of methanogenesis from H2 and CO2, the essential co-factors (co-enzyme M, co-enzyme B, and factor 420) of methanogenesis were down-regulated. All catabolic processes in methanogenesis require the reduction of the methylated form of co-enzyme M to methane by co-enzyme B, and factor 420 also acts as an electron carrier (Deppenmeier, 2002). GP lowers methane production by increasing propionate-producing microbes and pathways.



5. Conclusion

The current study demonstrated that a diet containing 8% dietary GP by dry weight increased DMI but did not affect ADG and FCR in Tan lambs. The GP enhanced the abundance of Prevotella 1, Ruminococcus 2 and Sharpea, decreased the acetate-producing Ruminococcaceae and methane-producing Methanobrevibacter, stimulated starch metabolism, mixed acid fermentation, and intestinal amino acid and rumen B-vitamins biosynthesis, and down-regulated colonic methanogenesis. Overall, GIT microbiome altered fermentation to promote propionate production and degradation of starch, decrease cellulose fermentation and methanogenesis. In spite of these positive effects on the energy balance of the lambs, the ADG and FCR were not improved with a dietary supplement of 8% GP. Future studies with different GP levels are warranted. It is possible that levels of less than 8% GP would be beneficial for the entire GIT, reduce overall methane production and improve lamb performance.
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Introduction: The mutton quality of Chinese Tan lambs (Ovis aries) has declined as feeding patterns have shifted from pasturing to pen rationing. While pen-fed can enhance the growth performance of sheep, it falls short in terms of meat quality attributes such as meat color and tenderness. Furthermore, compared to pen-fed, pasture-fed husbandry increases the proportion of oxidative muscle fibers, decreases the proportion of glycolytic muscle fibers, and reduces LDH (lactate dehydrogenase) activity. Mutton quality is affected by fatty acids, and rumen microorganisms play a role in the synthesis of short-chain fatty acids, long-chain fatty acids, and conjugated linoleic acids.

Methods: We used 16S rRNA sequencing to analyze the effects of two feeding patterns on the rumen bacteria of Tan lambs. In a randomized block design with 24 newborn Tan lambs, 12 lambs were fed by ewes in pasture and 12 were fed by pen-fed ewes. At 2 months, the biceps femoris and the longissimus dorsi were analyzed by gas chromatography for intramuscular fat content and fatty acids composition, and DNA in the rumen contents was extracted and used to analyze the structure of the bacterial community.

Results: Different feeding patterns had no significant effect on the intramuscular fat content of the biceps femoris and longissimus dorsi of the lambs, but there was a significant effect on fatty acids composition. The fatty acids c18:3n3 and c20:5n3 were significantly higher in the biceps femoris and longissimus dorsi of the pasture group than the pen-ration group. The alpha diversity of rumen bacteria was significantly greater in the pasture group compared to the pen-ration group. The ACE index, Chao1 index, Shannon index, and Simpson index were all notably higher in the pasture group than in the pen-ration group. Utilizing beta diversity analysis to examine the differences in rumen bacteria between the pasture group and pen-ration group, it was observed that the homogeneity of bacteria in the pasture group was lower than that in the pen-ration group. Furthermore, the diversity of rumen bacteria in the pasture group was greater than that in the pen-ration group. Twenty-one phyla were identified in the pasture group, and 14 phyla were identified in the pen-ration group. The dominant phyla in the pasture group were Bacteroidetes and Fibrobacteres; the dominant phyla in the pen-ration group were Proteobacteria and Bacteroidetes. The relative abundance of Proteobacteria was significantly higher in the pen-ration group than in the pasture group (p < 0.01). Diversity at the genus level was also higher in the pasture group, with 176 genera in the pasture group and 113 genera in the pen-ration group. The dominant genera in the pasture group were Prevotella_1, Rikenellaceae_RC9_gut_group, and Bacteroidales_BS11_gut_group_Na; the dominant genera in the pen-ration group were Prevotella_1, Prevotella_7, Succinivibrionaceae_UCG-001, and Succinivibrionaceae_NA.

Discussion: The rumen bacterial community of Tan sheep is significantly influenced by pen-ration and pasture-fed conditions, leading to variations in fatty acid content in the muscle, which in turn affects the flavor and nutritional value of the meat to some extent. Pasture-fed conditions have been shown to enhance the diversity of rumen bacterial community structure in Tan sheep, thereby increasing the nutritional value of their meat.
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1. Introduction

The rumen is a complex microbial ecosystem that plays a vital role in digestion and the maintenance of health in ruminants (Zened et al., 2013). Many substances that cannot be used directly by ruminants are converted into accessible nutrients through fermentation in the rumen. At birth, the ruminant is free of bacteria, fungi, protozoa, and other microorganisms. Diet and age simultaneously drive changes in the structure and abundance of bacterial communities in the developing rumen (Juliana et al., 2017). With the intake of milk and contact with the environment, microorganisms begin to appear in the rumen and then multiply (Xiao et al., 2018). The development of the structure and function of the rumen microbial community in juveniles directly affects the production of adults. Moreover, Barbieri et al. (2015) found that the rumen microorganisms of lambs can be changed through diet (suckling) or inoculation of the rumen, and resulting changes in the rumen bacterial community can persist until weaning. Overall, rumen microorganisms play a substantial role in ruminant growth and fattening.

Fatty acids metabolism in the rumen has a major influence on the fatty acids composition of ruminant meats and milk and also affects the synthesis of flavor substances (Jenkins et al., 2007; Wang et al., 2019). The short-chain fatty acids produced and biohydrogenation by rumen microbial metabolism affect the transformation of polyunsaturated fatty acids to saturated fatty acids and the generation of conjugated fatty acids (Bessa et al., 2000; Jenkins et al., 2007). Conjugated fatty acids play a role in the deposition of intramuscular fat, reducing body fat and improving meat quality (Yang et al., 2019). In ruminant animals, intramuscular fat (IMF) is composed of approximately 45 to 48% saturated fatty acids (SFA), 35 to 45% monounsaturated fatty acids (MUFA), and around 5% polyunsaturated fatty acids (PUFA). The muscle tissue mainly contains medium-chain and long-chain fatty acids (c12 to c22), with a lower concentration of short-chain fatty acids (c4 to c10). The composition of fatty acids (FAs) in IMF is influenced by factors such as diet type, digestive system functionality, and the FA synthesis process within the animal’s body (Aldai et al., 2007; Dugan et al., 2007). Due to the hydrogenation activity of rumen microbes in ruminant animals, SFA content in ruminant IMF is higher than in monogastric animals, and the ratio of PUFA to SFA (P/S) is lower in ruminant animals compared to monogastric animals. The primary fatty acids in SFA are c16:0 and c18:0, while in MUFA, c18:1n-9 constitutes about 80% of total fatty acids. In PUFA, the main components are linoleic acid (18,2n-6) and alpha-linolenic acid (18,3n-3), which together make up around 2% of total fatty acids. Recent research has found a significant negative correlation between the content of alpha-linolenic acid (c18:3, LNA) in lamb meat and the relative abundance of the Prevotella genus, suggesting that Prevotella may be a key microbe involved in the hydrogenation of LNA in the rumen (Wang et al., 2018). However, there have been no studies reporting the correlation between the relative abundance of Prevotella and intermediate or end products of LNA rumen hydrogenation. Therefore, the exact contribution of Prevotella in the rumen hydrogenation process remains unknown. Additionally, strains such as Megasphaera elsdenii, Bifidobacteria, Lactobacilli, and Streptococci have been confirmed to participate in the rumen fatty acid hydrogenation process (Ando et al., 2004; Toral et al., 2012; Li et al., 2013). Boeckaert et al. (2008) also discovered a spiral-shaped bacterium that falls between the Butyrivibrio and Pseudobutyrivibrio genera and confirmed its involvement in the production of stearic acid (SA) during rumen hydrogenation. Different microbial species have varying abilities to hydrogenate polyunsaturated fatty acids. To date, Butyrivibrio fibrisolvens has been identified as one of the most active rumen bacteria in isomerizing linoleic acid (LA), secreting isomerase enzymes that convert LA into cis-9, trans-11 conjugated linoleic acid (CLA). Some strains, such as the cellulolytic Butyrivibrio fibrisolvens JW11, can further secrete reductase enzymes to convert cis-9, trans-11 CLA into trans-11-c18:1 TVA (trans-vaccenic acid). Microorganisms have a significant impact on the quality and fatty acid composition of ruminant meat. Research indicates that healthier ruminant products can be achieved through the effective manipulation of the rumen microbiota, aiming to reduce the final step of cis-9, trans-11 c18:2 biohydrogenation and increase the bypass of c18:3n-3, trans-11 c18:1, and cis-9, trans-11 c18:2 flux to the muscle (Chilliard et al., 2007; Toral et al., 2018). However, comparative studies on the association between rumen microbial diversity in Tan sheep under pasture and pen-ration conditions and the beneficial fatty acid content in their meat have not been reported.

We conducted a study to investigate the similarities and differences in 2-month-old Tan lambs raised under different feeding patterns, aiming to explore the effect of feeding patterns on the rumen microbiota and fatty acid composition of Tan lambs. This research provides a theoretical basis for understanding the relationship between the rumen microbiota of Tan sheep and the fatty acid composition in their meat, offering new insights into microbial interventions for improving meat quality.



2. Materials and methods


2.1. Experimental design

In this randomized block design, 24 healthy newborn Tan lambs (3.19 ± 0.21 kg, half male and half female) were divided into two feeding groups: a pasture group and a pen-ration group. The lambs in the pasture group followed the grazing lactating ewe to suckle and could freely eat the pasture grass. The composition of the pasture grass was 40% Astragalus adsurgens, 20% Lespedeza davurica, 5% Sophora alopecuroides, 10% Caragana korshinskii, 10% Glycyrrhizae radix, and 10% Achnatherum splendens. Lambs in the pen-ration group were fed with lactating ewes in the stable and were free to eat the starter at 3 weeks old. The composition of the starter feed is shown in Supplementary Table 1.



2.2. Sample collection

At the age of 2 months, five Tan lambs in each group were randomly selected and slaughtered. The rumen was removed immediately after slaughter, and 50 mL of its contents was collected and mixed. Then 10 g biceps femoris and 10 g longissimus dorsi were cut with surgical scissors 45 min after slaughter. All samples were put into a cryopreservation tube. The muscle samples were sent to the laboratory, preserved in liquid nitrogen, and stored at −80°C.

The rumen contents were transferred to a centrifuge bottle containing CO2 to maintain anaerobic conditions and kept on ice for no more than 20 min prior to processing. Cooling samples with ice does not affect the sample or subsequent analysis (Wu et al., 2010). The rumen contents were centrifuged at 10,000 g, and the precipitate was dissolved in extraction buffer (100 mM Tris–HCl, 10 mM ethylenediaminetetraacetic acid, 0.15 M NaCl, pH 8.0). A total of 1 g precipitate was dissolved in 4 mL buffer and incubated with the rumen contents at 4°C for 1 h to maximize the release of particle-associated bacteria by cooling (Dehority and Grubb, 1980). The suspension was centrifuged at 500 g for 15 min at 4°C to remove broken plant particles while keeping the bacterial cells suspended, then passed through a four-layer cheesecloth, centrifuged (10,000 g, 25 min, 4°C), and stored at −20°C until DNA extraction.



2.3. DNA extraction

We extracted DNA from pretreated rumen contents using the E.Z.N.A. stool DNA Kit (Omega Biotek, Norcross, GA, United States) according to the manufacturer’s protocols and stored it at −20°C. The quantity and quality of the DNA was measured with NanoDrop 2000 (Thermo Fisher Scientific, Wilmington, Del., United States).



2.4. Methods


2.4.1. Determination of fat and fatty acids

Fat was extracted from the samples with the chloroform-methanol method (Folch et al., 1957) and saponified with NaOH. Then boron trifluoride-methanol solution was used to methyl-esterify the saponified fatty acids (Wijngaarden, 1967), which were then analyzed by gas chromatography (Agilent, 7820a). The data were initially sorted in Excel 2010. Then completely random analysis of variance was performed in SAS (version 8.2), and the LSD method was used to compare the significance of the differences.



2.4.2. 16S rRNA gene PCR and sequencing

The 16S rRNA V3–V4 region of the eukaryotic ribosomal RNA gene was amplified by PCR (95°C for 2 min; followed by 27 cycles at 98°C for 10 s, 62°C for 30 s, and 68°C for 30 s; and a final extension at 68°C for 10 min) using primers 341F: CCTACGGGNGGCWGCAG and 806R: GGACTACHVGGGTATCTAAT, where the barcode was an eight-base sequence unique to each sample. PCR reactions were performed in triplicate 50 μL mixture containing 5 μL 10× KOD buffer, 5 μL 2.5 mM dNTPs, 1.5 μL of each primer (5 μM), 1 μL KOD polymerase, and 100 ng template DNA.

The 16S rRNA was sequenced with the Hiseq2500 PE250 platform (Guangzhou Gene Denovo Technology, Guangzhou, China; Caporaso et al., 2010).



2.4.3. Number of operational taxonomic units and species classification


2.4.3.1. Number of OTUs

We clustered effective tags into OTUs of ≥97% similarity using UPARSE pipeline (Edgar, 2013). The tag sequence with the highest abundance was selected as a representative sequence of the cluster. Between-groups Venn analysis was performed in R to identify unique and common OTUs. The multiple comparison for the OTUs analysis were applied using the LSD method (least significance difference test) analyzed by completely random analysis of variance in SAS (V8.2).



2.4.3.2. Species classification

Only taxa with an abundance of greater than 1% were selected to classify species. The classification of microbial species includes seven grades: boundary, phylum, class, order, family, genus, and species. The two groups of samples were divided into species classification trees according to the distribution of each level. Assessments of the differences in dominant species in different samples and multiple sequence alignment were conducted with MUSCLE (V3.8.31; Edgar, 2004).




2.4.4. Analysis of alpha diversity

Chao1, Simpson, and all other alpha diversity indices were calculated in QIIME (version 1.9.1; Caporaso et al., 2010). OTU rarefaction and rank abundance curves were plotted in QIIME. Between-groups comparisons of alpha index were calculated with Welch’s t test and the Wilcoxon rank test in R. Comparisons of alpha index among groups were performed with Tukey’s HSD test and the Kruskal-Wallis H test in R.



2.4.5. Analysis of beta diversity

Beta diversity analysis was used to evaluate differences in samples in terms of species complexity. The beta diversity of both weighted and unweighted UniFrac was calculated with QIIME (version 1.9.1).

Cluster analysis was preceded by principal component analysis, which was performed to reduce the dimension of the original variables using the FactoMineR and ggplot2 packages in R (version 2.15.3).

Unweighted pair-group method with arithmetic means (UPGMA) clustering was performed as a type of hierarchical clustering to interpret the distance matrix using the average linkage and was performed in QIIME (version 1.9.1).



2.4.6. Correlation analysis

The Pearson correlation coefficient between every level of bacteria and fatty acids were calculatedin R (V3.5.1). The network analysis was performed using igraph package in R.





3. Results


3.1. Fat and fatty acids

There was no significant difference in intramuscular fat content between the biceps femoris and longissimus dorsi of Tan lambs. According to the results for 37 fatty acids in the biceps femoris and longissimus dorsi of Tan lambs in the two feeding conditions, the content of 10 fatty acids was significantly higher in the biceps femoris of Tan lambs in the pen-ration group than the pasture group (p < 0.05), and the content of two fatty acids was significantly lower than in the pasture group (p < 0.05). Moreover, the content of 11 fatty acids was significantly higher in the longissimus dorsi of Tan lambs in the pen-ration group than in the pasture group (p < 0.05), and the content of five fatty acids was significantly lower than in the pasture group (p < 0.05; Supplementary Table 2). The fatty acids c18:3n3 and c20:5n3 were significantly higher in the biceps femoris and longissimus dorsi of the pasture group than the pen-ration group (p < 0.05). Different feeding patterns had no significant effect on the intramuscular fat content of the biceps femoris and longissimus dorsi of Tan lambs, but there was a significant effect on fatty acids composition.



3.2. Number of OTUs and species classification


3.2.1. Number of OTUs

When the microbial community of the two different habitats was analyzed, the distribution of some species was similar, and the distribution of others was specific to one or the other habitat to a certain extent. As shown in the Venn diagram in Figure 1, there were 2,520 OTUs of rumen bacteria in the pasture group and 1,249 in the pen-ration group. Of these OTUs, 792 were found in both groups. The number of OTUs of rumen bacteria was significantly higher in the pasture group than in the pen-ration group (Supplementary Table 3). Thus, the microbial diversity of rumen fluid was significantly higher in the pasture group than in the pen-ration group.
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FIGURE 1
 Venn diagram of microbial OTUs in the rumen fluid of two feeding groups (G2, pasture group; R2, pen-ration group) of Tan lambs.




3.2.2. Species classification

In the classification tree for rumen contents, Proteobacteria were found mostly in the pen-ration group, whereas almost all Verrucomicrobia and Fibrobacteres were in the pasture group (Figure 2).
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FIGURE 2
 Classification tree for microbial groups in the rumen fluid of Tan sheep in two feeding groups: pasture group (G2, red) and pen-ration group (R2, green).





3.3. Diversity of the rumen microbiome


3.3.1. Alpha diversity


3.3.1.1. OTU rarefaction curve and Shannon rarefaction curve

As shown in Figures 3A,B, when the sequence depth reached 75,000 reads, the two groups of curves tended to flatten, which indicates that the current sequence depth was sufficient to cover all species in the sample and for the analysis of sample microbial diversity.
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FIGURE 3
 (A) OTU dilution curve for samples at a 0.03 distance. (B) Shannon dilution curve for samples at a 0.03 distance.




3.3.1.2. Analysis of alpha diversity

Alpha diversity, or the diversity in a particular habitat or ecosystem, can indicate the degree of isolation of the habitat based on the species. As shown in Supplementary Table 4, the sample coverage rate was greater than 99%, which indicates that the sample collection was sufficient to reflect the diversity of the rumen microbiome. The ACE index and Chao1 index were significantly higher in the pasture group than in the pen-ration group (p < 0.01), which indicates that the richness of the rumen microbiome was greater in the pasture group than in the pen-ration group. The Shannon index and Simpson index were also greater in the pasture group than in the pen-ration group, which indicates that the diversity of rumen bacteria was significantly higher in the pasture group than in the pen-ration group (p < 0.01).




3.3.2. Beta diversity


3.3.2.1. Beta diversity index

The distance between samples in the pen-ration group was 0.3 to 0.4; thus, no significant difference in bacteria was detected among samples in this group. The control distance in the pasture group was 0.2 to 0.4, which indicates that bacteria were less homogeneous in the pasture group than in the pen-ration group (Figure 4). Regarding the presence or absence of species in the two groups, the distance value of the pasture group was higher than that of the pen-ration group, which indicates that the diversity of rumen bacteria was greater in the pasture group than in the pen-ration group. After we waited for abundance, the difference among microbiota in both groups was further reduced. Thus, the distance between samples was 0.0 to 0.1 in the pen-ration group and 0.1 to 0.3 in the pasture group.
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FIGURE 4
 Unweighted Unifrac index heat map for rumen microbial samples from two different feeding groups of Tan lambs: pasture group (G2) and pen-ration group (R2).




3.3.2.2. Principal component analysis

As shown in Figure 5, the abscissa is the first principal component, and the ordinate is the second principal component. On the abscissa, the samples of the two feeding groups were completely separate and distinct, which indicates that the structure of the bacteria was different between the two groups. In the diagram for the whole cluster analysis, in the first principal factor (70.4%) and second principal factor (3.2%), the distribution of samples in the pen-ration group was concentrated, and the distribution of samples in the pasture group was dispersed; the two groups of samples were completely separate in the first principal factor. This shows that the uniformity of the pen-ration group was high, the uniformity of the pasture group was poor, and the difference between the two groups was obvious.
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FIGURE 5
 OTU PCA plot of the rumen microbial community in Tan lambs from two different feeding groups: pasture group (G2) and pen-ration group (R2).




3.3.2.3. UPGMA cluster analysis

At the phylum level in the UPGMA classification tree, the relative abundance of Bacteroidetes and Fibrobacteres was significantly higher in the pasture group than in the pen-ration group (Figure 6A), and these phyla were the dominant bacteria in the rumens of the pasture group of Tan lambs. Proteobacteria and Bacteroidetes were the dominant bacteria in the rumens of the pen-ration group. The relative abundance of Proteobacteria was significantly higher in the pen-ration group than in the pasture group (p < 0.01). At the genus level, the relative abundance of Succinivibrionaceae_UCG-001 and Prevotella_7 was significantly higher in the pen-ration group than in the pasture group (p < 0.01; Figure 6B), whereas the relative abundance of Rikenellaceae_RC9_gut_group, Fibrobacter, and Treponema was higher in the pasture group than in the pen-ration group.
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FIGURE 6
 (A) UPGMA clustering tree at the phylum level for rumen microbes in two feeding groups of Tan lambs: pasture group (G2) and pen-ration group (R2). (B) UPGMA clustering tree at the genus level for rumen microbes in two feeding pattern of Tan lambs: pasture group (G2) and pen-ration group (R2).






3.4. Analysis of the structure of rumen bacteria


3.4.1. Phylum level

Among the dominant phyla (Supplementary Table 5), the relative abundance of Bacteroidetes, Verrucomicrobia, and Proteobacteria was significantly higher in the pasture group than in the pen-ration group (p < 0.01), and the relative abundance of Firmicutes and Fibrobacteres was significantly higher in the pen-ration group than in the pasture group (p < 0.05).



3.4.2. Genus level

With further refinement of the classification to the genus level, we identified 199 genera from the rumen communities of the two feeding groups, including 176 genera in the pasture group and 113 genera in the pen-ration group. Only 38 genera were identified with relatively high abundance, accounting for more than 92% of the total genera in each sample (Supplementary Table 6). The relative abundance of Prevotella_7 and Succinivibrionaceae_UCG-001 was significantly higher in the pen-ration group than in the pasture group (p < 0.01), and Succinivibrionaceae_NA was significantly higher in the pen-ration group than in the pasture group (p < 0.05). The relative abundance of Prevotellaceae_UCG-003, Prevotellaceae_NK3B31_group, Rikenellaceae_RC9_gut_group, NA, Ruminococcus_1, Ruminococcus_2, Treponema_2, Christensenellaceae_R-7_group, Ruminococcus_1, and Butyrivibrio_2 was significantly higher in the pasture group than in the pen-ration group (p < 0.01). In addition, the relative abundance of Fibrobacter, Succinivibrionaceae_UCG-002, and Succinivibrionaceae_NA was significantly higher in the pasture group than in the pen-ration group (p < 0.05).




3.5. Correlation analysis

The contents of c18:3n3 and c20:5n3 in the two muscles were positively correlated with the relative abundance of Tenericutes and Bacteroidetes (R2 > 0.75) and negatively correlated with Proteobacteria (R2 < −0.75) (Figure 7). The contents of c18:3n3 and c20:5n3 in the two muscles were positively correlated with Christensenellaceae_R-7_group, Ruminococcaceae_NK4A214_group, Butyrivibrio_2, Saccharofermentans, Lachnospiraceae_NK4A136_group, Anaerovorax, coprostanoligenes_group, probable_genus_10, Ruminococcaceae_UCG-005, and Prevotellaceae_Ga6A1_group (R2 > 0.75) and negatively correlated with Succinivibrionaceae_UCG-001 (R2 < −0.75) (Figure 8). The correlations between c18:2n6c, C14, C6, C15, C12, C16:1, and C16 and the above-mentioned bacteria were the opposite.
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FIGURE 7
 Correlation analysis between phylum level and fatty acids: blackish green, fatty acids; purplish red, phylum; red line, positive correlation; blue line, negative correlation. (A) Longissimus dorsi. (B) Biceps femoris.
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FIGURE 8
 Correlation analysis between genus level and fatty acids: blackish green, fatty acids; purplish red, genus; red line, positive correlation; blue line, negative correlation. (A) Longissimus dorsi. (B) Biceps femoris.





4. Discussion

Dietary fatty acids consumed by sheep, like other ruminants, can undergo biohydrogenation resulting in high proportions of saturated FA in meat (Polan et al., 1964). Biohydrogenation is typically less extensive in sheep than cattle, and consequently, sheep meat can contain higher proportions of omega (n) − 3 polyunsaturated FA (PUFA), and PUFA biohydrogenation intermediates (PUFA-BHI) including conjugated linoleic acid (CLA) and trans-monounsaturated FAs (t-MUFA) (Carreño et al., 2019). Sheep meat is also noted for having characteristically higher contents of branched chain FA (BCFA). From a human health and wellness perspective, some SFA and trans-MUFA have been found to negatively affect blood lipid profiles, and are associated with increased risk of cardiovascular disease (CVD). On the other hand, n − 3 PUFA, BCFA and some PUFA-BHI may have many potential beneficial effects on human health and wellbeing. In particular, vaccenic acid (VA), rumenic acid (RA) and BCFA may have potential for protecting against cancer and inflammatory disorders among other human health benefits (Dilzer and Park, 2012; Calder, 2015). Holl et al. (2005) reported that the content of polyunsaturated fatty acids in fat samples from Hungarian Grey and Holstein Friesian bulls changed differently because of different diets. The intramuscular fat content is primarily determined by the number of preadipocytes, which is influenced by genetic and nutritional factors. As animals age, fat synthesis gradually increases while muscle mass decreases, leading to the deposition of intramuscular fat primarily in the late stages of animal maturity. Therefore, the two-month experimental period of this study may not fully capture the impacts of pasture-fed environment and pen-fed environment on fatty acid composition. In the future, it is advisable to extend the experimental period for in-depth research. In our experiments, there was no significant difference in intramuscular fat content, but there was a significant difference in fatty acids content: c18:3n3 and c20:5n3 were significantly higher in the biceps femoris and longissimus dorsi of the pasture group than the pen-ration group. Research has found that grazing can stimulate goats to have a higher intake of forage, thereby increasing the proportion of c18:3n3 (Thongruang and Paengkoum, 2019). Ebrahimi et al. (2014) reported that the reduction of SFA in intramuscular tissue of Boer kid goats obtained by feeding flaxseed oil was mainly due to the inhibitory effect of α-linolenic acid (c18:3n3) and/or its biohydrogenation products on de novo FA synthesis. Previous studies have indicated that c18:3n3 and c20:5n3 can serve as representative compounds in the muscle and fat tissues of grazing lambs, aiding in the differentiation of their geographical origin (Vasilev et al., 2020). Ekiz et al. (2013) also found differences in intramuscular fat and fatty acids content in 45 Kivircik lambs under different feeding conditions: Lambs of U-W-G (n = 12) were kept together with the main flock and grazed on pasture in the daytime, they and the pasture group had similar feeding conditions, and 18:3n3 and c20:5n3 were higher than for the other feeding patterns. In conclusion, different feeding patterns have no significant effect on the intramuscular fat content of Tan lambs but have a significant effect on fatty acids content, such that grazing is more conducive to the synthesis of 18:3n3 and c20:5n3, which are related to the biological hydrogenation of rumen microorganisms.

The rumen is the main digestive organ and supplier of energy in ruminants, with 70–85% of digestible substances and 50% of crude fibers in feed digested in the rumen (Zhou and Chen, 2010). Digestion depends on the complex rumen microbiome. Rumen microbial bacteria mainly include bacteria, anaerobic fungi, and protozoa (Xie et al., 2018), of which bacteria are the most abundant. In this study, indices of rumen bacterial richness (ACE index, Chao1 index) and diversity (Shannon index, Simpson index) were significantly lower in the pen-ration group than in the pasture group. This is consistent with previous research. For example, Grilli et al. (2016) found that a high-grain diet simplified and reduced the diversity index of the rumen microbiome. Moreover, Yáñez-Ruiz et al. (2010) found that the structure and composition of rumen microbial bacteria are related to diet type. In one study, there were fewer rumen bacteria in lambs fed a high-concentrate diet than in pasturing lambs, which shows that the high-concentrate diets was negatively correlated with the microbial composition of the rumen (Ji et al., 2016). In conclusion, pen rationing leads to lower bacterial diversity in the rumens of Tan lambs than pasturing.

The rumen is free of microorganisms at birth (Ziolecki and Briggs, 1961; Vi et al., 2004). Just 24 h after birth, facultative anaerobic bacteria are found in the rumen wall, and after 2 days, strict anaerobic microorganisms appear in the rumen. Before adulthood, the bacteria in the rumen undergo constant changes (Feng, 2004). Firmicutes, Bacteroidetes, and Proteobacteria are the dominant rumen bacteria (Qin et al., 2010; Singh et al., 2012; Li et al., 2018a). In this study, at the age of 2 months, the relative abundance of Bacteroidetes and Firmicutes in the rumen fluid of the pasture group reached more than 85%. The relative abundance of Bacteroidetes, Firmicutes, and Proteobacteria in the rumen fluid of the pen-ration group reached more than 99%. Moreover, the abundance of Proteobacteria was significantly higher in the pen-ration group than in the pasture group, whereas the abundance of Bacteroidetes and Firmicutes was significantly lower in the pen-ration group than in the pasture group. Thus, the two different feeding patterns significantly affected the abundance of dominant bacteria in the rumens of these Tan lambs.

Rumen bacteria primarily decompose cellulose and hemicellulose in roughage by enzymatic action (Zhang et al., 2018). Wang et al. (2010) reported that pasturing lambs showed cellulase activity on the day of their birth, and peaks in amylase and cellulase activity were detected at 42 days. The primary rumen microorganisms involved in the degradation of dietary fibers are R. flavefaciens, R. albus, B. fibrisolvens, and F. succinogenes, among others (Stewart et al., 1997; Stevenson and Weimer, 2009). Saro et al. (2014) found that the abundance of some cellulolytic bacteria and fungi was higher in the rumens of sheep fed a lower quality forage. Yang et al. (2015) showed that adding roughage to calf granules significantly increased the abundance of R. albus, B. fibrisolvens, Ruminobacter amylophilus, and Lactobacillus in the rumen. In our experiments, pasturing significantly increased the abundance of Fibrobacter, Ruminococcus, Butyrivibrio, and Pseudobutyrivibrio, whereas pen feeding increased the abundance of Prevotella_7 and Succinivibrionaceae_UCG-001 in the rumens of Tan lambs.

Cao et al. (2016) found that protein-degrading and starch-degrading bacteria were more abundant in pen-fed yaks than in pasturing yaks. Prevotella is often associated with the degradation and utilization of starch, proteins, and polysaccharides in the rumen (Li et al., 2018b; Paz et al., 2018); however, according to Koike et al. (2003), Prevotella may be involved in fiber degradation in the rumens of sheep. Furthermore, Osborne and Dehority (1989) confirmed that P. ruminicola contributes to the degradation of the plant cell wall by acting synergistically with cellulolytic bacteria. In the current experiment, Prevotella_1 and Prevotella_7 were the dominant bacteria in the rumens of the pen-ration group. However, Prevotella_7 was not a dominant bacterium in the pasture group and was significantly lower than in the pen-ration group. This difference in the genus composition of the two feeding groups is of great functional importance and means that prevotella-1 and prevotella-7 may participate in the degradation of different components of the ruminant diet.



5. Conclusion

The rumen bacterial community of Tan sheep is significantly influenced by pen-ration and pasture-fed conditions, leading to variations in fatty acid content in the muscle, which in turn affects the flavor and nutritional value of the meat to some extent. The diversity of rumen bacteria was significantly higher in a pasture group of Tan lambs than in a pen-ration group. The abundance of dominant bacteria, fiber-degrading bacteria, and starch-degrading bacteria in the rumens of the lambs was also significantly affected by the different feeding patterns, the abundance of dominant bacterial phyla and genera in pasture-fed sheep is significantly higher than that in pen-ration Tan sheep. In addition, the contents of c18:3n3 and c20:5n3 were significantly higher in the muscles of the Tan lambs in the grazing group, and the abundance of Butyrivibrio_2, Pseudobutyrivibrio, and Succinivibrionaceae, which are involved in rumen biohydrogenation, was higher in the pasture group. In summary, pasture-fed conditions have been shown to enhance the diversity of rumen bacterial community structure in Tan sheep, thereby increasing the nutritional value of their meat.
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The early colonized gut microbiota during the newborn period has been reported to play important roles in the health and immunity of animals; however, whether they can affect the growth performance of suckling lambs is still unclear. In this study, a total of 84 newborn lambs were assigned into LF-1 (top 15%), LF-2 (medium 70%), and LF-3 (bottom 15%) groups according to their average body weight gain at 30 days of age. Fecal samples of lambs (LF) as well as feces (MF), vagina (VAG), colostrum (COL), teat skin (TEAT) samples of ewes, and the air sediment (AIR) in the delivery room were collected 72 h after birth, and then the 16S rRNA gene was sequenced on the Illumina MiSeq platform. The results showed that the early colonized gut microbiota had a significant effect on the growth performance of suckling lambs with alpha and beta diversity (p < 0.05), and we observed that the contribution of early colonized bacteria on the growth performance of lambs increased with age (from BW30 at 25.35% to BW45 at 31.10%; from ADG30 at 33.02% to ADG45 at 39.79% by measuring the relative effects of factors that influence growth performance). The early colonized gut microbiota of suckling lambs with high growth performance was similar to that in VAG, MF, and AIR (p < 0.05). With the RandomForest machine learning algorithm, we detected 11, 11, 6, and 4 bacterial taxa at the genus level that were associated with BW30, BW45, ADG30, and ADG45 of suckling lambs, respectively, and the correlation analysis showed that Butyricicoccus, Ruminococcus_gnavus_group, Ruminococcaceae_Other, and Fusobacterium could significantly affect the growth performance (BW30, BW45, ADG30, and ADG45) of suckling lambs (p < 0.05). In conclusion, the early colonized gut microbiota could significantly affect the growth performance of suckling lambs, and targeting the early colonized gut microbiota might be an alternative strategy to improve the growth performance of suckling lambs.
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1. Introduction

The suckling period is the fastest-growing stage of lambs, and it is also the key period for the colonization of gut microbiota in lambs (Lin et al., 2019; Dogra et al., 2021). The disorder of the early colonized gut microbiota in newborn lambs made them vulnerable to various diseases, which led to an increase in mortality and restricted the benefit of lamb raising (Bi et al., 2019; Chen C. et al., 2021; Chen X. et al., 2021; Cristofori et al., 2021). Understanding the effect of the early colonized microbiota in the gut on the growth performance of suckling lambs could provide fundamental concepts for alternative strategies to improve the growth performance of suckling lambs.

Current research indicated that although there have been different views on whether the initiation of microbial colonization begins in utero or after birth (Perez-Munoz et al., 2017), the consensus was that the newborn period is a key period for microbial colonization (Collado et al., 2012). In the suckling period, microorganisms from the mother and the environment were rapidly colonized after birth until a stable microbiota was formed in the gastrointestinal tract after weaning (Jami et al., 2013; Yeoman et al., 2018). Could the early colonized bacteria affect the growth performance of animals was still unclear. Interestingly, some studies have observed some correlations between microbial communities and growth performance (Peled et al., 2016; Noor et al., 2021; Peng et al., 2021). They provided evidence that the yaks with high growth performance had lower microbial richness and higher microbial diversity (Huang et al., 2021), and supplementation of Bacillus subtilis or Lactobacillus rhamnosus in feed could improve the growth performance of calves (Kim et al., 2018; Zhang et al., 2019), while we also observed that rumen fluid transplantation in weaned lambs caused changes in the gut microbial community, average daily feed intake, and average daily gain (ADG) in our previous study (Yin et al., 2021).

Herein, we hypothesized that the early colonized gut microbiota might affect the growth performance of suckling lambs. This study focuses on the effect of the early colonized gut microbiota on the growth performance of suckling lambs, explores the source of early colonized gut microbial colonization, and detects the bacterial taxa that might affect the growth performance of suckling lambs using the RandomForest model. These findings might be helpful in enhancing the growth performance of suckling lambs by targeting the early colonized gut microbiota.



2. Materials and methods


2.1. Ethics statement

The experiments were conducted following the Chinese Animal Welfare Guidelines and experimental protocols. All procedures used in this study were approved by the Animal Care and Use Committee of Hebei Agricultural University (ID: 2020004).



2.2. Experimental design and feeding management

The study was conducted between August and October 2020 at Lanhai Animal Husbandry Co., Ltd. (Zhangjiakou, China). We selected 40 ewes with a similar expected delivery time and achieved 84 newborn Hu lambs.

The delivery rooms were thoroughly cleaned and disinfected 1 week before the start of the experiment. The ewes were moved to the delivery rooms for single-pen feeding 14 days before the expected delivery time. After birth, the umbilical cord of lambs was disinfected with iodophor, the body was wiped with gauze and ear-tagged, and then the litter size and sex were recorded. The lambs were raised in the same pen (1.8 m × 2 m) with the ewes and got free access to the starter and clean water after 7 days of birth.



2.3. Growth performance of suckling lambs

The body weight of lambs was measured within 2 h after birth and before morning feeding at 30 and 45 days of age.

The ADG was calculated as follows:

[image: image]

where ADGi is the average daily gain from birth to ith days of age, BWi is the body weight at ith days of age, and BW0 is the birth weight.

The growth coefficient (GI) of lambs was calculated as:

[image: image]

where GIi is the growth coefficient from birth to ith days of age, BWi is the weight at ith days of age, and BW0 is the birth weight.

The body height, body length, and chest circumference of lambs were measured 30 and 45 days after birth, according to a previous report (Li et al., 2022).

Subsequently, the suckling lambs were divided into LF-1 (top 15% lambs ranked according to the ADG30), LF-2 (medium 70% lambs ranked according to the ADG30), and LF-3 (bottom 15% lambs ranked according to the ADG30) groups.



2.4. Samples collection and measurement

Blood samples of the lambs were collected at 24 h after birth from the jugular vein and transferred into 5 mL coagulation-promoting tubes, and the serum was collected by centrifugation at 3,500 × g for 15 min at room temperature and then frozen at −20°C. The IgG content in the serum was determined using single radial immunodiffusion in the laboratory (Martin et al., 2021). Sheep IgG was purchased from Beijing Biolab Technology Co., Ltd. (Beijing, China) (SP038-10 mg), and rabbit anti-goat IgG antibody was purchased from Beijing Biolab Technology Co., Ltd. (Beijing, China), with a titer of 1:16–32. We classified the lambs into two groups with 24-h serum IgG levels of IgG ≥25 and < 25 mg/mL, according to the criteria for successful passive immunization (Chigerwe et al., 2015). Fecal samples of the lambs were collected from 84 lambs with sterile swabs 72 h after birth and transferred to sterile tubes to be stored at −80°C for subsequent analyses.

For the enrolled ewes in the current experiment, 10 individuals were randomly selected, and vaginal samples were obtained using a sterile swab inserted approximately 8 cm into the vagina and rotated three times. The sterile swab was carefully removed from the vagina, ensuring it did not touch the vulva, and the swab was quickly placed into a 15-ml sterile tube with 10 mL of phosphate-buffered saline (PBS) and stored at −80°C for subsequent testing. Teat skin samples of the ewes were collected with a sterile swab within 1 h after birth before the lambs were breastfed. A sterile swab moistened with saline was used to wipe the teat skin area, and then the tip of the swab was collected and placed into a 5-ml sterile tube and stored at −80°C for subsequent testing. Before colostrum collection at approximately 1 h after birth, teats of the ewes were wiped and cleaned with alcohol containing sterile gauze, and the first 3 mL of colostrum was discarded. Then, 5 mL of colostrum was collected manually, transferred into a sterile tube, and stored at −80°C until testing. Fecal samples of the ewes were collected from the rectum and were transferred into sterile tubes and stored at −80°C for subsequent analyses.

To collect samples of microbiota in air, six sampling points were arranged in the front, middle, and rear sections of the pens, and the samples were collected using the natural sedimentation method following a previous publication (Zhang et al., 2022). Each Petri dish was exposed to air for 30 min, then a sterile swab was used to dip the surface of the Petri dish, transferred into a cryogenic storage tube, and stored at −80°C for testing.



2.5. 16S rRNA gene high-throughput sequencing and analysis

DNA was extracted from collected samples using the PowerSoil DNA Isolation Kit (Allwegene Tech, Beijing, China) according to the manufacturer’s instructions. The concentration and purity of the DNA were determined using a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Inc., United States). The V3–V4 region of the bacterial 16S rRNA gene was amplified with primers 338F (5’-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5’-GGACTACHVGGGTWTCTAAT-3′) on an ABI 9700 PCR instrument (Applied Biosystems, Inc., United States). PCR reactions were performed in a 25-μl mixture containing 30 ng template DNA, 1 μL forward primer (5 μM), 1 μL reverse primer (5 μM), 3 μL BSA (2 ng/μl), 12.5 μL 2× Taq PCR MasterMix, and 7.5 μL ddH2O. The PCR amplification program was 95°C for 5 min, followed by 30 cycles of 94°C for 30 s, 50°C for 30 s, and 72°C for 60 s with a final extension at 72°C for 10 min. PCR products were extracted from 1% agarose gel and purified using the Agencourt AMPure XP (Beckman Coulter, Inc., United States) nucleic acid purification kit. The extracted DNA from fecal samples of 10 lambs was of low quality and had been removed from the experiment, and 74 fecal samples of lambs were subjected to bacterial community detection with high-throughput sequencing.

Deep sequencing of DNA extracts was performed on the Illumina MiSeq platform (Illumina, Inc., United States). The raw reads were split by QIIME (v1.8.0), the sequencing data were filtered and spliced using the Pear software (v0.9.6), and the sequences were filtered to remove chimeras using the Vsearch software (v2.7.1). After OTUs were clustered with high-quality sequences using the Vsearch software (v2.7.1) with a sequence similarity threshold of 97%, the representative sequences were compared with the Silva138 database to obtain the taxonomic information of the species corresponding to each OTU. Diversity indices, including Chao1 and Shannon indices, were calculated using the QIIME software (v1.8.0), and the principal coordinate analysis (PCoA) based on Jaccard distance was performed by the R software (v4.1.2).



2.6. Statistical analysis

Experimental data were analyzed using one-way ANOVA or Student’s t-test of the SPSS software v.22.0 (SPSS Inc., Chicago, IL, United States), and then multiple comparisons were performed using the LSD method. The models between growth performance and microorganisms were constructed using the RandomForest package in the R software (v4.1.2), and signature bacteria were screened by increasing mean squared error (%IncMSE) and cross-validation. Figures were generated with the GraphPad Prism 8.0.2 (GraphPad Software, Inc., San Diego, CA, United States) or R (v4.1.2) software. Data were presented as the mean ± standard deviation (SD), and p < 0.05 was considered a significant difference.




3. Results


3.1. Effect of serum IgG content, birth weight, litter size, and sex on growth performance of suckling lambs

The serum IgG content had no significant effect on the growth performance (BW0, BW30, BW45, ADG30, and ADG45) of suckling lambs (p > 0.05), but the growth performance of suckling lambs could be significantly affected by the birth weight and sex of lambs and the litter size of the ewes (p < 0.05). We observed that the growth performance of suckling lambs with a birth weight > 4 kg was significantly higher than that of lambs with a birth weight of 3–4 kg or < 3 kg (p < 0.05), and the growth performance of single lambs was significantly higher than that of twins and triple lambs (p < 0.05). Male lambs had significantly higher BW0, BW30, and ADG30 than female lambs (p < 0.05) (Table 1). Meanwhile, the effects of these factors on GI30, GI45, and body size parameters were similar to the growth performance indices of BW0, BW30, BW45, ADG30, and ADG45 (Supplementary Tables S1, S2).



TABLE 1 Effect of serum IgG content, birth weight, litter size, and sex on growth performance of suckling lambs.
[image: Table1]



3.2. Comparison of gut microbiota in suckling lambs with different growth performance

We assigned lambs into three groups (LF-1, top 15%; LF-2, medium 70%; LF-3, bottom 15%) based on the average body weight gain 30 days after birth. Our results indicated no significant difference in the Chao1 index between the groups (p > 0.05) (Figure 1A). However, the Shannon index of the LF-1 group was significantly higher than that of the LF-2 and LF-3 groups (p < 0.05) (Figure 1B). A PCoA analysis based on Jaccard distance revealed a significant difference in the gut microbiota composition between the three groups (ANOSIM, R = 0.2, p < 0.05) (Figure 1C), and the within-group distance of the LF-1 group was significantly higher than that of the LF-2 and LF-3 groups (Figure 1D). These results suggested that lambs with different growth performances might have different gut microbiota compositions in early life, and the gut microbiota of suckling lambs with higher growth performance had high inter-individual variability.

[image: Figure 1]

FIGURE 1
 Diversity analysis of the gut bacterial composition of newborn lambs with different growth performance. Chao1 index (A) and Shannon index (B) of gut microbiota among LF-1, LF-2, and LF-3 groups. (C) Principal coordinate analysis (PCoA) of gut microbiota in the suckling lambs on genus level (based on the Jaccard distance). (D) Inner-group distance of gut microbiota in LF-1, LF-2, and LF-3 groups. The suckling lambs were divided into LF-1 (top 15%), LF-2 (medium 70%), and LF-3 (bottom 15%) groups according to ADG30 of lambs. * indicated significant differences among groups (p < 0.05).




3.3. The contribution of multiple factors to the growth performance of suckling lambs

To evaluate the contribution of multiple factors affecting the growth performance of suckling lambs, we fitted a multiple linear regression model with growth performance, with the independent variables including gut microbiota, sex, birth weight, IgG content in the serum of suckling lambs, and litter size of the ewes. We observed that these factors could explain 66.42% of the variation of BW30, 54.33% of the variation of BW45, 43.16% of the variation of ADG30, and 30.73% of the variation of ADG45 for suckling lambs. The gut microbiota, birth weight of lambs, and litter size of ewes have been identified as the top three influencing factors on the growth performance of suckling lambs. Among them, the contribution of early colonized gut microbiota on the growth performance of lambs increased with age (from BW30 at 25.35% to BW45 at 31.10%; from ADG30 at 33.02% to ADG45 at 39.79%) (Figure 2). We also observed a similar result for the GI30 and GI45 indices, and the contribution of gut microbiota to the growth index increased from GI30 with 32.79% to GI45 with 35.94% with age increase (Supplementary Figure S1). These results indicated that the early colonized microbiota played important roles in the growth performance of suckling lambs, and their effect on growth performance might increase with age.

[image: Figure 2]

FIGURE 2
 Effect of multiple factors on the growth performance of suckling lambs. Parameter estimates (standardized regression coefficients) of multiple linear regression model on BW30 (A), BW45 (B), ADG30 (C), and ADG45 (D) of suckling lamb. Type: Litter size of ewe; Sex: sex of suckling lambs; IgG: IgG content in 24 h serum of suckling lambs; BW0: birth weight of suckling lambs; MO: gut microbiota of suckling lambs. PC1–8: the 1st to 8th principal components of the principal coordinate analysis, which explained more than 80% of the microbiota difference between the samples.




3.4. Sources of microbiota associated with the growth performance of suckling lambs

We then compared the gut microbiota of suckling lambs and their potential sources. The results of PCoA revealed a significant difference between the gut microbiota composition of lambs and the vaginal microbiota of ewes, the microbiota of air sediment, the microbiota of ewes’ teat skin, the colostrum microbiota, or the fecal microbiota of ewes (ANOSIM, R = 0.928, p < 0.01) (Figure 3A), and the inner-group distances in each source were also significantly different (p < 0.01) (Figure 3B). Furthermore, we calculated the relative distances between the gut microbiota of suckling lambs and the potential sources and found the distance between the gut microbiota of lamb and that of ewes’ teat skin was significantly lower than that of vagina, colostrum, and feces of ewe, as well as the air sediment (p < 0.05) (Figure 3C). In addition, the distance of gut microbiota composition between that of the vagina, air sediment, and feces of ewe for higher growth performance lambs (LF-1 group) was significantly lower than that between lower growth performance lambs (LF-2 and LF-3 groups) (p < 0.05) (Figures 3D–H). These findings indicated that the early colonized gut bacteria of newborn lambs had significant individual differences and mainly came from the teat skin of ewes, but the early colonized microbiota was more similar to the bacterial composition of the vagina and feces of ewes, and the air might be helpful to improve the growth performance of suckling lambs.

[image: Figure 3]

FIGURE 3
 Source of the gut microbiota of suckling lambs. (A) Principal coordinate analysis (PCoA) of microbial communities at the genus level (based on the Jaccard distance). (B) Inner-group distance of microbiota composition in each group using Jaccard distance. (C) Distance between gut microbiota of suckling lambs and their potential sources. (D–H) Distance between gut microbiota of suckling lambs with different growth performances and their potential sources. VAG: vagina of ewes; AIR: air sediment; TEAT: teats skin of ewes; COL: colostrum of ewes; MF: feces of ewes. The suckling lambs were divided into LF-1 (top 15%), LF-2 (medium 70%), and LF-3 (bottom 15%) groups according to ADG30 of lambs. ** indicated significant differences among groups (p < 0.01).




3.5. Signature bacteria associated with growth performance of suckling lambs

To screen the signature bacteria associated with the growth performance of suckling lambs, we used the RandomForest machine learning algorithm with the lowest cross-validation error and detected 11, 11, 6, and 4 bacterial taxa at the genus level that were associated with BW30, BW45, ADG30, and ADG45 of suckling lambs, respectively (Figure 4).

[image: Figure 4]

FIGURE 4
 Signature bacteria associated with growth performance (BW30, BW45, ADG30, and ADG45) of suckling lambs. (A) The top 11 signature bacteria associated with BW30 were identified by the RandomForest model. (B) The top 11 signature bacteria associated with BW45 were identified by the RandomForest model. (C) The top six signature bacteria associated with ADG30 were identified by the RandomForest model. (D) The top four microbial markers associated with ADG45 were identified by the RandomForest model. Signature bacteria were ranked in descending order of importance in the RandomForest model. The inset panel represents the 10-fold cross-validation error.


Ranked according to the importance of the index, the signature bacteria associated with BW30 were: Ruminococcaceae_Other, Bacteroides, Blautia, Brevibacterium, Klebsiella, Staphylococcus, Fusobacterium, Methylophilaceae_Other, Sphingomonas, Glutamicibacter, and Lachnospiraceae_UCG-004 (Figure 4A). The signature bacteria associated with BW45 were: Ruminococcaceae_Other, Butyricicoccus, Bacteroides, Parabacteroides, Paeniclostridium, Alkalibacterium, Escherichia_Shigella, Ruminococcaceae_UCG-004, Hungatella, Roseburia, and Pasteurellaceae_Other (Figure 4B). The signature bacteria associated with ADG30 were: Bacteroides, Glutamicibacter, Alistipes, Sporosarcina, Sellimonas, and Acidibacter (Figure 4C). The signature bacteria associated with ADG45 were: Butyricicoccus, Bacteroides, Ruminococcaceae_Other, and Faecalibacterium (Figure 4D). Similarly, the signature bacteria associated with GI30 were: Bacteroides, Ruminococcus_gnavus_group, Faecalibacterium, Fusobacterium, Acidibacter, Atopostipes, Ruminococcus_torques_group, Globicatella, Flavonifractor, and Ruminococcus_2. The signature bacteria associated with GI45 were: Alistipes, Lachnospiraceae_AC2044_group, Microvirga, Ruminococcus_1, and Acidibacter (Supplementary Figure S2).



3.6. Correlation between signature bacteria and growth performance of suckling lambs

To investigate which gut signature bacteria affect the growth performance of suckling lambs, we further assessed their relationship with the Pearson correlation analysis. The results showed that the growth performance was negatively correlated with two signature bacteria and positively correlated with eight signature bacteria. Among them, BW30 was negatively correlated with Staphylococcus (r = −0.27, p < 0.05), and Atopostipes (r = −0.27, p < 0.05), and positively correlated with Lachnospiraceae_UCG-004 (r = 0.39, p < 0.01), Hungatella (r = 0.30, p < 0.05), Butyricicoccus (r = 0.30, p < 0.01), Ruminococcaceae_Other (r = 0.28, p < 0.05), Bacteroides (r = 0.31, p < 0.01), and Fusobacterium (r = 0.35, p < 0.01). ADG30 was negatively correlated with Staphylococcus (r = −0.24, p < 0.05) and Atopostipes (r = −0.24, p < 0.05), and positively correlated with Lachnospiraceae_UCG-004 (r = 0.27, p < 0.01), Hungatella (r = 0.29, p < 0.05), Butyricicoccus (r = 0.29, p < 0.05), Ruminococcaceae_Other (r = 0.28, p < 0.05), Ruminococcus_gnavus_group (r = 0.29, p < 0.01), and Fusobacterium (r = 0.25, p < 0.01). BW45 was negatively correlated with Staphylococcus (r = −0.24, p < 0.05), and positively correlated with Lachnospiraceae_UCG-004 (r = 0.25, p < 0.05), Butyricicoccus (r = 0.42, p < 0.01), Ruminococcaceae_Other (r = 0.29, p < 0.05), Ruminococcus_gnavus_group (r = 0.27, p < 0.05), Bacteroides (r = 0.35, p < 0.01), Fusobacterium (r = 0.32, p < 0.01), and Parabacteroides (r = 0.24, p < 0.05). ADG45 was positively correlated with Butyricicoccus (r = 0.40, p < 0.01), Ruminococcaceae_Other (r = 0.27, p < 0.05), Ruminococcus_gnavus_group (r = 0.27, p < 0.01), Bacteroides (r = 0.31, p < 0.01), Fusobacterium (r = 0.26, p < 0.05), and Parabacteroides (r = 0.25, p < 0.05) (Figure 5). Butyricicoccus, Ruminococcus_gnavus_group, Ruminococcaceae_Other, and Fusobacterium were common microorganisms that affect growth performance, and the relative abundance of Butyricicoccus, Ruminococcus_gnavus_group, and Fusobacterium had a significant difference among the LF-1, LF-2, and LF-3 groups (Supplementary Figure S3). Similarly, we also detected the bacterial taxa related to growth performance at the phylum, class, order, and family level through LEfSe analysis and correlation analysis, which are shown in Supplementary Figure S4.
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FIGURE 5
 Correlation between signature bacteria and growth performance (BW30, BW45, ADG30, and ADG45) of suckling lambs. *p < 0.05, **p < 0.01.





4. Discussion


4.1. Effect of gut microbiota on growth performance of suckling lambs

Previous studies have shown that various factors can influence the growth performance of suckling lambs, such as serum IgG levels, birth weight, litter size, and sex of lambs; however, these factors could not fully explain the growth performance of suckling lambs (Gokce et al., 2013; Le Dividich et al., 2017; Gokce and Atakisi, 2019; Charneca et al., 2021). Some studies in recent years indicated that the early colonization of gut microbiota could also affect the immunity and health of animals (Tanca et al., 2017; Momo et al., 2023); therefore, we hypothesized that the early colonized bacteria could also affect the growth performance of suckling lambs.

Our findings indicated that the gut microbiota of suckling lambs had high individual variability, lambs with different growth performance might have different gut microbiota composition in early life, and the suckling lambs with higher growth performance had higher Shannon diversity of gut microbiota; this finding was consistent with previous studies in yaks (Petri et al., 2013; Huang et al., 2021) and pigs or calves (Dill-McFarland et al., 2019; Chen C. et al., 2021; Chen X. et al., 2021; Hu et al., 2023), which supported the previous findings that microbial diversity and composition might play a crucial role in growth performance. Furthermore, we observed that the contribution of early colonized bacteria on the growth performance of lambs increased with age (from BW30 at 25.35% to BW45 at 31.10%; from ADG30 at 33.02% to ADG45 at 39.79% by measuring the relative effects of factors that influence growth performance). These unexpected findings suggested that the early colonization gut microbiota might have a long-lasting effect on the growth performance of suckling lambs.



4.2. Sources of gut microbiota on growth performance of suckling lambs

The newborn period is a key period for microbial colonization, and bacteria rapidly colonize the gut of newborn lambs by transferring from the surrounding environment, such as the vagina, teat skin, colostrum, and feces of ewes, as well as the bacteria in air sediment (Arrieta et al., 2015; Koleva et al., 2015; Perez-Munoz et al., 2017). The microbiota formed in the gut of newborn lambs depends on the environment to which they were first exposed. This also supported our previous observations that the gut microbiota of newborn lambs has high individual variability, which raised another question: Would the different sources of microbiota affect the growth performance of suckling lambs?

We calculated the distance between the gut microbiota of lambs and that of the potential sources and found that the gut microbiota of lambs with higher growth performance was more similar to that of the vagina, feces of ewe, and air sediment. Previous studies had found that there were abundant beneficial bacteria such as lactobacillus and bifidobacterial in the vagina, feces, and air sediment, which could enhance immunity, intestinal functions, and maturity of the gut microbiota, thus improving the growth performance of animals in early life (Mikami et al., 2012; Makino et al., 2013; Shin et al., 2015; Ferretti et al., 2018; Quintana et al., 2020; Saturio et al., 2021). Therefore, newborn lambs more frequently contacted with the vagina and feces of ewes as well as the air sediment might be helpful to improve their growth performance.



4.3. Signature bacteria that affect the growth performance of suckling lambs

We identified 35 signature bacteria associated with the growth performance of suckling lambs using the RandomForest model and investigated their correlation with the growth performance.

The results showed that Butyricicoccus, Ruminococcus_gnavus_group, Ruminococcaceae_Other, and Fusobacterium had positive correlations with growth performance (BW30, BW45, ADG30, and ADG45). The possible explanation for this finding might be due to their functions. Butyricicoccus is the major butyric-acid-producing bacterial taxa in the gut, which has demonstrated a new generation of probiotics because butyric acid (the production of Butyricicoccus) is one of the most important nutrients for intestinal epithelial cells, and Butyricicoccus can also reduce the load of pathogenic bacteria in the cecum and ileum (Mahdavi et al., 2021) and prevent inflammation by inhibiting secretion of IL-8 and interferon γ (IFN γ) (Eeckhaut et al., 2013). Both Ruminococcus_gnavus_group and Ruminococcaceae_Other belonged to the Ruminococcaceae at the family level, which played a vital role in digesting nutrients and regulating the metabolism of the host. Some studies also observed that Ruminococcaceae colonized in the gut would benefit animals by keeping the integrity of the gut barrier and preventing diarrhea (Chua et al., 2018; Vojinovic et al., 2019). Some members of the genus Fusobacterium were capable of fermentative metabolism in anaerobic environments to produce organic acids, which might play a positive role in the metabolism of nutrients in the gut (Potrykus et al., 2007; Ma et al., 2022). These signature bacteria detected in the current experiment might provide potential targets for manipulating the gut microbiota in early life to improve the growth performance of suckling lambs.




5. Conclusion

The early colonized gut microbiota could significantly affect the growth performance of suckling lambs, and the contribution of early colonized bacteria to the growth performance of lambs increased with age. Butyricicoccus, Ruminococcus_gnavus_group, Ruminococcaceae_Other, and Fusobacterium were the signature bacteria affecting the growth performance of suckling lambs.
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This study was conducted to compare the effects of rumen-protected (RP-Leu) and unprotected L-leucine (RU-Leu) on the fermentation parameters, bacterial composition, and amino acid metabolism in vitro rumen batch incubation. The 5.00 g RP-Leu or RU-Leu products were incubated in situ in the rumen of four beef cattle (Bos taurus) and removed after 0, 2, 4, 6, 12, 16, and 24 h to determine the rumen protection rate. In in vitro incubation, both RP-Leu and RU-Leu were supplemented 1.5 mmol/bottle (L-leucine HCl), and incubated after 0, 2, 4, 6, 8, 12, and 16 h to measure gas production (GP), nutrient degradability, fermentation parameters, bacterial composition, and amino acids metabolism. Results from both in vitro and in situ experiments confirmed that the rumen protection rate was greater (p < 0.01) in RP-Leu than in RU-Leu, whereas the latter was slow (p < 0.05) degraded within incubation 8 h. Free leucine from RP-Leu and RU-Leu reached a peak at incubation 6 h (p < 0.01). RU-Leu supplementation increased (p < 0.05) gas production, microbial crude protein, branched-chain AAs, propionate and branched-chain VFAs concentrations, and Shannon and Sobs index in comparison to the control and RP-Leu supplementation. RU-Leu and RP-Leu supplementation decreased (p < 0.05) the relative abundance of Bacteroidota, which Firmicutes increased (p < 0.05). Correlation analysis indicated that there are 5 bacteria at the genus level that may be positively correlated with MCP and propionate (p < 0.05). Based on the result, we found that RP-Leu was more stable than RU-Leu in rumen fluid, but RU-Leu also does not exhibit rapid degradation by ruminal microbes for a short time. The RU-Leu was more beneficial in terms of regulating rumen fermentation pattern, microbial crude protein synthesis, and branched-chain VFAs production than RP-Leu in vitro rumen conditions.

KEYWORDS
 L-leucine, beef cattle, in vitro technique, rumen protection rate, rumen fermentation, bacterial community


1 Introduction

The 3 branched-chain AAs (BCAAs), namely, leucine (Leu), isoleucine (Ile), and valine (Val), are categorized as essential amino acids (EAAs) used by tissues as substrates for protein synthesis and energy generation (Bergen, 2021; Silva et al., 2022), and the modulation of cell signaling pathways (Nie et al., 2018; Xu et al., 2022). Moreover, the BCAAs represent up to 35 and 50% of all EAAs in muscle and milk for most mammals, respectively (Appuhamy et al., 2011; Wu, 2013), while free BCAAs mainly sourced from microbial crude protein and feed undegraded protein in the rumen for ruminants.

Leu, the highest proportion in BCAAs, is the effective amino acid for activating the mTOR signaling pathways and protein synthesis (Zhang et al., 2017; Xu et al., 2022). Besides, Leu is one of the important components in MCP, which is second only to lysine (Kajikawa et al., 2002). At present, due to the characteristic of amino acid degradation by rumen microbes (Tan et al., 2021), the application forms of Leu are rumen-protected (RP-Leu) and unprotected L-Leucine (RU-Leu). These studies focused on the activities of small intestinal digestive enzymes and lactation performance for dairy cows and goats, but the results were inconsistent. Few studies have reported that supplementation with rumen-protected BCAAs (Leu: Ile: Val = 4:1:1) did not affect milk protein yield and rumen fermentation (Xu et al., 2022), while Yepes et al. (2019) found that dietary rumen-protected BCAAs supplementation from calving increased the free Leu and Val plasma concentration in vivo animal experiments. Whereas others studies have suggested that dietary rumen undegraded leucine could reach comparable leucine physiology function as RP-Leu, such as stimulating the rumen bacterial growth (Yang, 2002), improving the mRNA abundance of BCAAs transport and enzymes (Webb et al., 2020), stimulate the milk and muscle or immune protein synthesis (Lapierre et al., 2002; Appuhamy et al., 2011), but studies on the mechanism of action are limited. Moreover, Hultquist and Casper (2016) have confirmed that dietary supplementation of rumen degradable valine could increase milk yield for late-lactating dairy cows. Compared to in vivo animal studies, in vitro batch incubation excludes the effect of physiological conditions and is a useful method to investigate actual fluxes of VFA production and MCP synthesis (Wang et al., 2019). Few studies have been performed to investigate the effect of supplementation different ratios of BCAA on rumen fermentation and amino acids metabolism through in vitro batch fermentation (Zhang et al., 2013).

At present, previously suggested that the BCAA content in ruminant by-products are closely associated with the free BCAA content of the rumen fluid and blood (Curtis et al., 2018; Boehmer et al., 2020). Microbial crude protein (MCP) in rumen fluid accounts for 50 to 80% of total absorbable protein (Firkins et al., 2007), and conversion between BCAAs and branched-chain volatile fatty acids (BCVFAs) in rumen, thus, the MCP and BCVFAs in rumen fluid may be effectively pathways for increased the free BCAAs concentration in serum (Clark et al., 1992; Kajikawa et al., 2002). Based on the above analysis, we proposed the hypothesis that supplementation L-Leu can enhance free leucine levels in plasma for beef cattle by improving rumen protection rate, BCVFA, and MCP synthesis. However, the literature is scarce and limited in terms of reports on the degradation and bioavailability of RU-Leu and RP-Leu in beef cattle. To fill the gap, we conducted in vitro batch incubation to investigate and compare the effects of RU-Leu and RP-Leu on rumen fermentation, bacterial composition, and amino acid metabolism.



2 Materials and methods


2.1 Substrates

The substrates for in vitro incubation were total mixed ration (TMR) containing wheat straw and concentrate mixture (4:6), as same as rumen fluid donor beef cattle diet. They were dried at 65°C, ground to pass a 1 mm screen, and stored in air-tight bags, respectively. The chemical composition of the TMR and fermentation substrates of the in situ and in vitro experiments were determined (Table 1).



TABLE 1 Ingredients and chemical composition of the basal TMR and fermentable substrates of the in situ and in vitro experiments.
[image: Table1]

The additives for in vitro incubation were rumen-unprotected L-leucine (RU-Leu) and rumen-protected L-leucine (RP-Leu). The RU-Leu products (food-grade; purity, ≥99.5%), were purchased from Hebei Huayang Biotechnology Co., Ltd. (batch no: 20220519; Hengshui, China). The quality of L-leucine met the national standards in China (GB 29938/ USP30). The RP-Leu products (feed-grade; purity, ≥75%; microencapsulation; particle size, 5 mesh sieve through, NLT90%; moisture, 1.1%; appearance, straw yellow granule), which were purchased from Hangzhou King Techina Feed Co., Ltd. (batch no: 20220428; Hangzhou, China). Additionally, according to the certificate of manufacturers analysis, the rumen-protected rate of RP-Leu is 85% in the simulated rumen conditions for 12 h, and the release rate is 89.4% in the simulated intestinal conditions for 12 h.



2.2 In situ incubation

Four Xiangxi yellow cattle (Bos taurus, local breeds, Hunan, China) fitted with permanent ruminal cannulas were fed a total mixed ration containing wheat straw and concentrate mixture (4, 6; Table 1) and had free access to water. The in situ incubation was performed by described in detail by Griffith et al. (2017). According to the “all in / gradual out” schedule, all of the nylon bags (pore size: 50 μm, size: 10 cm × 7 cm) with 5.00 g of the RP-Leu or RU-Leu products were tied to the end of a 40 cm polyester mesh tube and then put into the ventral sac of the rumen through a ruminal cannula after morning feeding 1 h. Two nylon bags were collected from the cannula of each cattle at 0, 2, 4, 6, 12, 16, and 24 h of incubation, respectively, with 8 replicates per time point (n = 8), immediately submerged in the ice water to stop microbial activity, rinsed with running water until the water was clear. All RU-Leu and RP-Leu samples were oven-dried at 50°C for 48 h and then weighed.



2.3 In vitro incubation

Rumen contents were collected via the rumen cannula from three fistulated Xiangxi yellow cattle before morning feeding. The cattle were fed a total mixed ration containing wheat straw and concentrate mixture (4, 6; Table 1) and had free access to water (Yáñez-Ruiz et al., 2016). The rumen contents were filtered through a 4-layer cheesecloth individually and then were equally mixed. Fresh rumen fluid was then mixed with McDougall’s buffer (McDougall, 1948) at a ratio of 1:2 (vol/vol) to prepare the buffered rumen fluid. All the procedures were conducted under an anaerobic condition with a stream of CO2. About 1.0000 g of fermentation substrate was weighed into a 200 mL fermentation bottle (Huake Labware Co. Ltd., Shanghai, China), and supplemented with 0 mg of additives (Control), 12 mg RU-Leu (1.5 mmol/bottle L-leucine HCl) (RU-Leu), and 16 mg RP-Leu (1.5 mmol/bottle L-leucine HCl) (RP-Leu), and incubated with 60 mL of buffered rumen fluid under a steam incubator of CO2 at 39.5°C and 55 rpm. The in vitro fermentation was performed in the automated batch incubation devices described in detail in Cornou et al. (2013). The cumulative gas production (GP) of each bottle was measured with a pressure transducer (SW-512C; Senwei Electronics Co. Ltd., Dongguan, China) (Mauricio et al., 1999). Each run contained six bottles per treatment (n = 6) and was repeated three times on different days and donor cattle so that each treatment was conducted in triplicate.



2.4 Procedures and sample collection

For in situ incubation experiments. At 0, 2, 4, 6, 12, 16, and 24 h of incubation, RU-Leu and RP-Leu product residues were collected for the determination of rumen protection rates in the rumen. The dynamic rumen protection rate was calculated by the formula: [P = (M1-M2) /M1*100%], where P is the degradation rate of leucine products at time X. M1 is sample mass; M2 is residue mass. Rumen protection rate (%): 100 - P.

For in vitro incubation experiments. The in vitro incubation was stopped at 0, 2, 4, 6, 8, 12, and 16 h, respectively, and then sampling. About 10 mL of samples were collected and immediately measured for pH values (Seven2Go; Mettler Toledo Technology Co. Ltd., Shanghai, China). About 3 mL of liquid samples were collected, immediately transferred into liquid nitrogen, and stored at –80°C for microbial DNA extraction (Liu et al., 2021). About 5 mL of liquid samples without visible particles were collected from each bottle and centrifuged at 15,000 g for 10 min at 4°C, and then 1.5 mL of supernatants were transferred into tubes, acidified with 0.15 mL of 25% (w/v) metaphosphoric acid and stored at −20°C overnight, and subsequently analyzed the volatile fatty acids (VFA) and ammonia (NH3-N) concentration of the supernatants.


2.4.1 Fermentable substrates analysis

The dry matter (DM), crude protein (CP) (N × 6.25), and ether extract (EE) contents of the TMR diet and fermentable substrates samples were determined following the procedures of AOAC (1995). Neutral detergent fiber (NDF, assayed with a heat-stable α-amylase and expressed inclusive of residual ash) and acid detergent fiber (ADF) contents in the TMR diet and fermentable substrates were analyzed according to the methods described by Van Soest et al. (1991). The calcium (Ca) and phosphorus (P) contents in the TMR diet were assessed as described previously (Urbaityte et al., 2009; Wang et al., 2020). The amino acids in the fermentable substrates were determined by the microwave hydrolysis method. Briefly, the substrate sample was acid hydrolysis with 6 mol/L HCl at 110°C for 24 h, the hydrolysate was filtered after cooling to ambient temperature, and then transferred into a 50 mL volumetric flask and brought to the volume with ultrapure water. The amino acid concentration was determined using an automatic amino acid analyzer (L-8900, Hitachi Technologies, Inc., Tokyo, Japan).



2.4.2 Rumen fermentation parameters

The VFAs concentration of rumen fluids was determined by gas chromatography (GC) with a capillary column (AT-FFAP: 30 m × 0.32 mm × 0.5 μm) using an Agilent 7890B system (Agilent Technologies, Santa Clara, CA, USA) following the method of Wang et al. (2016). Ammonia (NH3) -N concentration was analyzed using a spectrometer (SpectraMax M5, Molecular Devices, San Jose, United States) at an absorbance of 630 nm, following Liu et al. (2022). The microbial crude protein (MCP) concentration of the supernatants was quantified by using Lowry’s assay described by Makkar et al. (1982). Briefly, aliquots of 5 mL of fermentation liquid were centrifuged at 12,000 r/min for 20 min at 4°C, then the precipitates were washed twice with distilled water, the final volume was made to 2 mL with distilled water and vortexed for 1 min, 1 mL of 2 mol/L NaOH was added into 1 mL of the bacterial solution, and cooled after heated in a 95°C water bath for 10 min, the supernatant was collected after centrifugation at 10,000 r/min for 10 min at 4°C. The 1 mL supernatant and 1.5 mL of 0.833 mol/L HCl were mixed, then microbial protein concentration was determined using Bicinchoninic acid Protein Assay Kit (Cat No. MA0082-2, Meilun biotechnology Co., Ltd. Dalian, China), the operations were conducted strictly according to the instructions.

The free amino acids (FAAs) of the fermentation liquid were determined by Hassan et al. (2021). Briefly, the fermentation liquid was centrifuged at 12,000 r/min for 15 min at 4°C, an aliquot of the supernatant was mixed (1:1) with a 10% trichloroacetic solution and vortexed for 1 min, the supernatant was collected after centrifugation at 12,000 r/min for 15 min at 4°C and then filtered with a 0.22 μm filter membrane transferred into an autosampler vial. The FAAs were determined using an automatic amino acid analyzer (L-8900, Hitachi Technologies, Inc., Tokyo, Japan).



2.4.3 DNA extraction, 16S rRNA gene amplification, and sequencing

The total DNA in the fermentation fluid sample was extracted using a kit (Omega Bio-Tek, Norcross, USA), and the concentration and purity of DNA were tested using Nano ⁃ Drop2000. The V3-V4 variable region was amplified by PCR using 338F (5’-ACTCCTACGGGAGGCAGCAGCAG-3′) and 806R (5’-GGACTACH-VGGGTWTCTAAT-3′) primers. PCR products were recovered, purified, eluted, and detected. Quantification was performed using Quanti Fluor TM-ST (Promega, USA). Then, Trimmomatic software was used to detect the quality of the original sequencing sequence, and FLASH software was used to splice it. Finally, the PE300 library was constructed based on the Illumina MiSeq platform. The sequences were clustered by operational taxon (OTU) according to 97% similarity, and single sequences and chimeras were removed. The sequences were clustered by the I-Sanger cloud Platform database1 annotates each sequence for species classification.

The α-diversity, including Sobs, Shannon, Chao, and ACE indices, was calculated by using QIIME (version 1.9.1). The principal coordinate analysis (PCoA) based on the Bray–Curtis dissimilarity matrix was conducted by using vegan (version 3.3.1). Linear discriminant analysis effect size (LEfSe) was determined, and the taxa with an LDA Score > 3 were considered as exhibiting a significant effect size. Spearmen’s rank correlation tested the relationships between the relative abundance (RA) of the ruminal bacteria (at genus level) and fermentation parameters (VFA concentration and MCP) using the “corrplot” package in R (version 3.4.1). Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) software predicted microbiota function and determined the differences among different treatment groups.




2.5 Statistical analysis of data

Data were analyzed by one- or two-way analysis of variance (ANOVA) for repeated measures data. Differences among treatment means were determined using the Duncan multiple comparison test. The p-value of <0.05 was taken to indicate statistical significance.




3 Results


3.1 Dynamic rumen protection rate of RU-Leu and RP-Leu in situ incubation

As expected, L-leucine was completely degraded and disappeared (p < 0.01) at incubated 8 h compared with 0 h in the RU-Leu group, whereas only 16.20% in the RP-Leu group (p < 0.05; Figure 1A and Supplementary Table S1). The rumen disappearance was increased (p < 0.01) with incubated time increased and the rumen protection rate was 68.3% at incubated 12 h in the RP-Leu group.
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FIGURE 1
 (A) The dynamic rumen protection rate of RU-Leu and RP-Leu in situ. (B) The dynamic rumen degradation rate of RU-Leu and RP-Leu in vitro. RU-Leu, rumen-unprotected L-leucine; RP-Leu, rumen-protected L-leucine.




3.2 Dynamic rumen degradation rate of RU-Leu and RP-Leu in vitro incubation

The rumen protection rate was greater (p < 0.01) in the RP-Leu group than in the RU-Leu group (Figure 1B and Supplementary Table S2). The RU-Leu product was completely degraded (p < 0.05) at incubated 12 h than at incubated 0 h, while the release rate of RP-Leu was the peak (p < 0.05) at incubated 6 h, there were no differences at other times in incubation progress (p > 0.05).



3.3 Fermentable substrate nutrient degradability and gas production

The GP was greater (p < 0.05) in the RU-Leu group than in the RP-Leu group and control group at 8, 12, and 16 h and increased with incubated time increased (interaction, p < 0.001; Figure 2A and Supplementary Table S3). The dry matter degradability (DMD) (p < 0.1) (Figure 2B and Supplementary Table S3), neutral detergent fiber degradability (NDFD), and acid detergent fiber degradability (ADFD) were not affected (p > 0.05) by treatment and the interaction (p > 0.05) between treatment and incubated time, whereas increased (p < 0.05) with incubated time increased (Supplementary Table S3).

[image: Figure 2]

FIGURE 2
 The effect of RU-Leu and RP-Leu on gas production (A) and DM degradability (B) of fermentable substrates. RU-Leu, rumen-unprotected L-leucine; RP-Leu, rumen-protected L-leucine; DM, dry matter. a,bDifferent letters represent significantly different values (p < 0.05, n = 5).




3.4 pH and fermentation parameters

The pH was greater (p < 0.05) in RU-Leu and RP-Leu groups than in the control group at 12 h, whereas no differences (p > 0.05) among 3 groups at 2, 4, 6, 8, and 16 h (interaction, p < 0.001; Table 2). Concentrations of total VFAs, propionate, butyrate, and branch-chained VFAs were increased (p < 0.001) in the RU-Leu group than in the control group and RP-Leu group, and interaction (p < 0.001). The concentration of NH3-N was greater (p < 0.05) in RU-Leu than in the control and RP-Leu groups at 4 and 12 h. The concentration of NH3-N was greater (p < 0.05) in the RU-Leu and RP-Leu group than in the control group at 16 h, whereas no differences (p > 0.05) between RU-Leu and RP-Leu group (interaction, p < 0.05). The concentration of MCP was greater (p < 0.05) in the RU-Leu group than control and RP-Leu group at 4 h (interaction, p < 0.05), and the RU-Leu group and RP-Leu group increased (p < 0.05) MCP concentration than the control group at 6 h.



TABLE 2 Rumen fermentation parameters (n = 6).
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3.5 Free amino acids metabolism

Concentrations of asparagine and cysteine were greater (p < 0.05) in the RU-Leu and RP-Leu groups than in the control group at 6 h (Figure 3B and Supplementary Table S4). Concentrations of leucine, isoleucine, valine, total amino acids, essential amino acids, and total branch chain amino acids were greater (p < 0.001) in RU-Leu than in RP-Leu and control group (Figures 3A,C–E and Supplementary Table S4). The concentration of methionine was greater (p < 0.05), whereas threonine was lesser (p < 0.01) in the RP-Leu group than in the control group and RU-Leu group.

[image: Figure 3]

FIGURE 3
 The effect of RU-Leu and RP-Leu on concentrations of free leucine amino acids (A), free EAAs and NEAAs (B), free total EAAs (C), free total BCAAs (D), and free total AAs (E) at 6 h in vitro. RU-Leu, rumen-unprotected L-leucine; RP-Leu, rumen-protected L-leucine; EAA, essential amino acids; BCAA, branched-chain amino acids. a,bDifferent letters represent significantly different values (p < 0.05, n = 5).




3.6 Microbial diversity and composition

To test whether leucine modulated rumen microbiota, we performed 16S rDNA gene sequencing to analyze the bacterial taxonomic composition in an incubation medium at 6 h. A total of 24 samples were obtained from three groups (n = 8) and subsequently sequenced to generate V1–V9 16S rRNA gene profiles. A total of 1,055,954,675 raw reads were generated from the incubation medium samples, and 706,400 high-quality sequences remained after quality filtering and removal of chimeric sequences. A total of 576 OTUs were obtained based on 97% nucleotide sequence identity analysis among reads, belonging to 145 species, 88 genera, 40 families, 27 orders, 14 classes, and 9 phyla.

The dilution curve tends to be gentle, and the coverage is close to 100%. Both of them indicate that the detection rate of the samples’ microbial community is close to saturation, and the current sequencing amount can cover most species in samples. A total of 576 OTUs were shared among the three treatment groups (Figure 4A). There was no difference in the number of specific OTUs among the three treatment groups. Alpha diversity reflects the richness and diversity of the microbiota. The Sobs and Shannon indices of alpha diversity of the incubation medium were greater (p < 0.05, p < 0.001) in the RU-Leu group than in the control group, there was no difference between RU-Leu and RP-Leu group (p > 0.05) (Figures 4D,E). There was no effect in the Chao and ACE indices among the treatment groups (p > 0.05) (Figures 4C,F). To measure the degree of similarity between microbial communities, β-diversity was further evaluated using Bray–Curtis PCoA. The PCoA revealed not affected by different treatment groups (p > 0.05) (Figure 4B). At the phylum level, Bacteroidotas and Firmicutes were predominant in both groups (Figures 5A,B and Supplementary Table S5). The RU-Leu group and RP-Leu group decreased (p < 0.05) the relative abundance (RA) of Bacteroidotas, and increased (p < 0.05) the RA of Firmicutes compared to the control group (Supplementary Table S5). At the genus level, Rikenellaceae_RC9_gut_group and Christensenellaceae_R-7_group were predominant in both groups (Figures 5C,D and Supplementary Table S6). The RU-Leu group and RP-Leu group decreased (p < 0.05) the RA of Rikenellaceae_RC9_gut_group, Prevotellaceae_UCG-001, norank_f__norank_o__WCHB1-41, increased (p < 0.05) the RA of Christensenellaceae_R-7_group, Lachnospiraceae_NK3A20_group, NK4A214_group, Acetitomaculum, norank_f__Muribaculaceae, norank_f__norank_o__Clostridia_UCG-014, norank_f__norank_o__WCHB1-41, U29-B03, and p-1088-a5_gut_group compared to the control group (Supplementary Table S6).
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FIGURE 4
 The effect of RU-Leu and RP-Leu on the composition of the microbiota. (A) OUT distribution across different treatment groups at 6 h in vitro. (B) PCoA score plot. (C–F) Alpha diversity evaluation of colon microbial richness and evenness by measuring Sobs, Shannon, ACE, and Chao diversity indexes. RU-Leu, rumen-unprotected L-leucine; RP-Leu, rumen-protected L-leucine. a,bDifferent letters represent significantly different values (p < 0.05, n = 5).
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FIGURE 5
 The effect of RU-Leu and RP-Leu on the composition of the microbiota at 6 h in vitro. (A) Relative abundance (%) of bacteria at the phylum level in the three groups (mean of each group). (B) The effect of Leu treatment on relative abundances of Bacteroidota and Firmicutes. (C) Relative abundances (%) of bacteria at the genus level in the three groups (mean of each group). (D) The effect of Leu treatment on relative abundances of Rikenellaceae_RC9_gut_group and Christensenellaceae_R-7_group. RU-Leu, rumen-unprotected L-leucine; RP-Leu, rumen-protected L-leucine. Data were shown as means (n = 5). Significant (p < 0.05) statistical differences were represented by (*).


Differential microbiota that varied with leucine treatments were further identified using linear discriminant analysis effect size (LEfSe Bar) and Cladogram (Figures 6A,B). With a default LDA cutoff ±2.5, differential taxa totaling 1, 3, and 5 in control, RU-Leu, and RP-Leu groups, respectively. The bacteria biomarkers in the control group were g_norank_f_norank_o_WCHB1-41, and in the RU-Leu group were g_NK4A214_group, g_p-1088-a5_gut_group, and g_Ruminococcus_gauvreauii_group, and in the RP-Leu group were g_Christensenellaceae_R-7_group, g_Lachnospiraceae_NK3A20_group, g_Acetitomaculum, g_Marvinbryantia, and g_Pirellula.
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FIGURE 6
 (A) Linear discriminant analysis effect size (LEfSe) was performed to identify the bacteria that are differentially represented between the different groups. (B) Cladogram reported. RU-Leu, rumen-unprotected L-leucine; RP-Leu, rumen-protected L-leucine. Data were shown as means (n = 5). Significant (p < 0.05) statistical differences were represented by (*).




3.7 Correlations between ruminal microbiota and fermentation parameters

A Spearman rank correlation tested the relationships between ruminal microbiota (genus level) and fermentation parameters. A total of 20 positive (p < 0.05) and 10 negative (p < 0.05) correlations emerged (Figure 7). The concentration of MCP was correlated positively with Acetitomaculum and Lachnospiraceae_NK3A20_group (p < 0.01), Christensenellaceae_R-7_group, Marvinbryantia, and NK4A214_group (p < 0.05), and negatively with norank_f_norank_o_WCHB1-41 (p < 0.05). The proportion of propionate were correlated positively with p-1088-a5_gut_group (p < 0.01), NK4A214_group, Lachnospiraceae_NK3A20_group, Christensenellaceae_R-7_group, and Acetitomaculum (p < 0.05). The proportion of valerate and isovalerate were correlated positively with NK4A214_group, Lachnospiraceae_NK3A20_group, and Ruminococcus_gauvreauii_group (p < 0.05). The proportion of isobutyrate was correlated negatively with NK4A214_group, p-1088-a5_gut_group, and Ruminococcus_gauvreauii_group (p < 0.05). The ratio of A:P was correlated positively with norank_f_norank_o_WCHB1-41 (p < 0.05), and negatively with Acetitomaculum, Lachnospiraceae_NK3A20_group, and NK4A214_group (p < 0.01), Christensenellaceae_R-7_group, Marvinbryantia, and p-1088-a5_gut_group (p < 0.05). The pH was correlated positively with Christensenellaceae_R-7_group, p-1088-a5_gut_group, and Ruminococcus_gauvreauii_group (p < 0.05).
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FIGURE 7
 Spearman’s rank correlation analysis between bacteria (76.65% of the total bacterial relative abundance) at the genus level and rumen fermentation parameters, including pH, microbial protein (MCP), ammonia-N, T-VFAs (total volatile fatty acids), acetate, propionate, butyrate, isobutyrate, valerate, isovalerate, acetate: propionate (A:P), and branched chain volatile fatty acids (BCVFA). RU-Leu, rumen-unprotected L-leucine; RP-Leu, rumen-protected L-leucine. Data were shown as means (n = 5). Significant (p < 0.05) or (p < 0.01) statistical differences were represented by (*) or (**).




3.8 PICRUSt2 function prediction

The top 40 functions of the rumen bacterial communities in the control and leucine treatment groups were predicted. Picrust2 identified 6 predictive metabolism pathways that were affected (p < 0.05) by the supplement leucine (Supplementary Table S7). Overall, the most abundant pathway was Metabolic pathways (25.57%), followed by Biosynthesis of secondary metabolites(13.15%). ABC transporters, Two-component system, Quorum sensing, Porphyrin and chlorophyll metabolism, Pentose phosphate pathway, and Methane metabolism were greater (p < 0.05) in the RU-Leu group and RP-Leu group than the control group (Figures 8A–F).
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FIGURE 8
 (A–F) Significant differences in the functional pathways among different treatment groups. RU-Leu, rumen-unprotected L-leucine; RP-Leu, rumen-protected L-leucine. a,bDifferent letters represent significantly different values (p < 0.05, n = 5).





4 Discussion

Clarifying the degradation rate of amino acids in the rumen is beneficial for determining their application forms and improving their bioavailability (Gilbreath et al., 2019, 2020). The degrading of dietary AAs by ruminal bacteria has long been understood (Tan et al., 2021). However, to date, how much AAs are degraded by ruminal bacteria and the degradation rate of all AAs remains inconsistent (Gilbreath et al., 2020; Yanibada et al., 2020). Results in in situ experiments showed that the RP-Leu was more stable in the rumen than RU-Leu, and effectively escaped degradation by rumen microbial, this result was consistent with rumen-protected limit AAs (lysine and methionine) in growing Tan lamps (Liu et al., 2021) studies. Additionally, the RU-Leu was slowly degraded compared to other amino acids. Based on the preliminary in situ incubation results, we suggested that the RP-Leu conforms to the characteristics of rumen protection, and be applied in in vitro fermentation. Results from the in vitro incubation experiments were again consistent with in situ, indicating that the RP-Leu product had a better protective ability in the rumen. Meanwhile, we found that free leucine was released rapidly from the RP-Leu and peaked at 6 h, but the concentration of free leucine was much less than the RU-Leu. Generally, the maximum ruminal retention time was usually 12–24 h in the case of powdery amino acids (Suh et al., 2022). Above present results, the RU-Leu product was completely degraded at least 8 h, indicating that L-leucine was more slowly than essential amino acids, the result was similar to methionine studies (Onodera, 1993).

Gas production reflects the extent of ruminal microbiota fermentation and it is highly correlated to dry matter digestibility (Saleem et al., 2019). In the present study, the Leu treatment groups increased the GP, but the dry matter digestibility of fermentable substrates was increased in the RU-Leu group only at 6 h and did not affect the digestibility of neutral detergent fiber and acid detergent fiber. The reason may be related to the rumen degrades free leucine that is not protected from attack, resulting in ammonia, CO2, VFAs, and branched-chain fatty acids (Bergen, 1979; Judd and Kohn, 2018; Tan et al., 2021). The ruminal pH, which is influenced by the concentrations of VFAs and ammonia-N, affects the growth and proliferation of ruminal microbes (Liu et al., 2022). In in vitro incubation results showed that the incubation fluid pH was within the optimal values of 6.2–7.2 (Hultquist and Casper, 2016), indicating that fermentation progress was normal. VFAs are the primary products of ruminal microbiota fermentation, VFA concentrations may reflect changes in rumen fermentation patterns (Reis et al., 2016; Beckett et al., 2021). In the present study, we found that free leucine, particularly from RU-Leu, which increased the concentrations of branched-chain VFAs (isobutyrate, valerate, and isovalerate) and propionate at 6 h, did not affect acetate and acetate to propionate ratio, whereas the RP-Leu degraded partly. These results showed that free leucine could change the fermentation patterns to increase the propionate and branched-chain VFAs molar proportion, the results were consistent with the previous study (Yang, 2002; Zhang et al., 2013; Liu et al., 2021). Besides, it may be associated with the coating material in RP-Leu, the palm oil regulated the rumen fermentation trend to propionate pattern by changing the metabolism of fatty acids (Jal et al., 2009; Beckett et al., 2021). Previous studies (Allison and Bryant, 1963; Apajalahti et al., 2019) have shown that branched-chain VFAs play an important role in improving apparent dry matter digestibility, and microbial growth, and enhancing microbial functions, and enzyme activities. Moreover, the free leucine from RU-Leu improved the proportion of BCAAs converted to BCVFAs, thus, the increase in BCVFAs concentration may indicate a greater availability of BCAAs in vitro rumen (Schulmeister et al., 2019). Microbial crude proteins (MCP) would then be available for digestion in the abomasum and the small intestine to release BCAAs (Gilbreath et al., 2020), while ammonia-N concentrations were closely related to rumen microbial crude proteins synthesis (Hristov and Broderick, 1994), which optimal ranged from 3 to 8 mg/dL with in vitro fermentation (Clark et al., 1992; Yáñez-Ruiz et al., 2016). We found that the NH3-N concentration was within the optimal range, and the RP-Leu and RU-Leu increased MCP synthesis at 6 h in the present study. This occurred because BCVFAs as the primary products of leucine catabolism, which promotes the growth of ruminal bacteria to the utilization of NH3-N, resulting in MCP synthesis increased (Allison, 1969; Cummins and Papas, 1985; Zhang et al., 2013).

Combined with all findings, we suggested that fermentation parameters changed may be closely related to the amino acid metabolism and bacteria composition when incubated at 6 h. Previous have reported that the amino acids in ruminal fluid have a stimulatory effect on the growth of ruminal bacteria, even in the case of abundant NH3 and carbohydrates (Cotta and Russell, 1982; Argyle and Baldwin, 1989). In the present study, the results show that the RP-Leu and RU-Leu groups increased the concentrations of asparagine, glutamine, and cysteine, whereas free leucine from the RU-Leu increased total amino acids, essential amino acids, and BCAAs concentrations. These findings were consistent with previous studies’ in vitro fermentation for BCAAs (Zhang et al., 2013), and for EAAs (Hassan et al., 2021). Therefore, we think that free leucine could alter the amino acids metabolism and composition, promote the BCAAs conversion to BCVFAs, and then change the fermentation parameters (Allison et al., 1966).

Ruminal microorganisms play important roles in rumen development, nutrient digestion, and host physiological function, and dominant phyla Bacteroidetes to Firmicutes ratio (F: B) is beneficial for animal growth (Xin et al., 2019; Huang et al., 2021). In the present study, we found that free leucine from the RU-Leu group increased the Sobs and Shannon indices of alpha diversity, but no difference between the RU-Leu and RP-Leu groups. In addition, free leucine from the RU-Leu and RP-Leu groups decreased the relative abundance (RA) of Bacteroidetes, and of Firmicutes increased, and increased the F: B ratio, which is in line with earlier study in vitro fermentation (Hassan et al., 2021) and in Tan lamps (Liu et al., 2022), the reason of change in dominant phyla may be associated with free leucine in rumen fluid stimulated the grow and proliferation of Firmicutes bacterial by product BCVFAs. At the genu level, Rikenellaceae_RC9_gut_group, a member of the Rikenellaceae family, degrades cellulose and hemicellulose to produce acetate (Liu et al., 2022), however, the RA of Rikenellaceae_RC9_gut_group decreased in the RU-Leu group and RP-Leu group compared with the control group, indicating that free leucine may alter the rumen fermentation patterns to increase the propionate production, these results were consistent with a study in cattle (Xin et al., 2019). Moreover, free leucine from the RU-Leu and RP-Leu groups increased the RA of Christensenellaceae_R-7_group bacteria. The Christensenellaceae_R-7_group, belonging to the family Christensenellaceae, produces acetate and butyrate, with the ability to utilize arabinose, glucose, and mannose (Liu et al., 2022), indicating that free leucine could promote the utilization of carbohydrates for ruminants. Therefore, changes in the relative abundance of ruminal microorganisms may be a critical mechanism leading to rumen fermentation patterns.

According to the results of variance analysis and Spearman correlation analysis, we found that p-1088-a5_gut_group, NK4A214_group, Lachnospiraceae_NK3A20_group, Christensenellaceae_R-7_group, and Acetitomaculum were positively correlated with propionate, which is in agreement with previous studies (Beckett et al., 2021; Liu et al., 2022). Additionally, Acetitomaculum, Lachnospiraceae_NK3A20_group, Christensenellaceae_R-7_group, Marvinbryantia, and NK4A214_group were positively correlated with MCP, which is by the reports that the bacterial are cellulolytic (Liu et al., 2022). Free leucine from the RU-Leu and RP-Leu increased the relative abundance of these bacteria, and this is beneficial to rumen development and the metabolizable microbial crude protein synthesis for ruminants (Firkins et al., 2007). Branched-chain VFA from the fermentation of branched-chain AA, which is either used for amino acids resynthesis, or as a growth factor for ruminal bacteria (Allison et al., 1958). In our study, although there are no bacteria positively or negatively correlated with BCVFA, we infer that an increase in its concentration could stimulate the growth of bacteria of MCP synthesis and propionate product.

By using PICRUSt2 to predict the potential functions of bacteria, numerous metabolism-related pathways emerged. The most prominent functional categories were ABC transporters at the KEGG level 3 metabolic categories. ABC transporters are vital for the survival and productivity of ruminal bacteria (Higgins, 2001). In the present study, 6 predictive metabolic pathways were affected by RU-Leu and RP-Leu. The BCAAs are vital contributors to MCP synthesis and BCVFA product (Allison, 1969; Firkins et al., 2007), the fact that free leucine from RU-Leu and RP-Leu increased MCP and BCVFA concentration in the present study.



5 Conclusion

Confirmed that the rumen protection rate of rumen-protected Leu was greater than the rumen-unprotected Leu. Extra free leucine released by the rumen-protected or unprotected Leu, which altered ruminal bacterial composition with decreased Bacteroidetes to Firmicutes ratio, changed fermentation parameters with increased branched-chain VFAs and microbial crude protein production, shifted fermentation pattern by facilitating propionate production, and regulated amino acid metabolism with promoted conversion between branched-chain AA and branched chain VFAs. In terms of microbial crude protein synthesis and propionate production, the RU-Leu was more effective than the RP-Leu, whereas the RP-Leu was more stable in the rumen. Therefore, the RP-Leu was suitable for ruminant production applications in the future.
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This study delves into the impact of yeast culture (YC) on rumen epithelial development, microbiota, and metabolome, with the aim of investigating YC’s mechanism in regulating rumen fermentation. Thirty male lambs of Hu sheep with similar age and body weight were selected and randomly divided into three groups with 10 lambs in each group. Lambs were fed a total mixed ration [TMR; rough: concentrate (R:C) ratio ≈ 30:70] to meet their nutritional needs. The experiment adopted completely randomized design (CRD). The control group (CON) was fed the basal diet with high concentrate, to which 20 g/d of YC was added in the low dose YC group (LYC) and 40 g/d of YC in the high dose YC group (HYC). The pretrial period was 14 days, and the experimental trial period was 60 days. At the end of a 60-day trial, ruminal epithelial tissues were collected for histomorphological analysis, and rumen microorganisms were analyzed by 16S rDNA sequencing and rumen metabolites by untargeted liquid chromatography-mass spectrometry (LC–MS) metabolomics techniques. The results showed that YC improved rumen papilla development and increased rumen papilla length (p < 0.05), while decreased cuticle thickness (p < 0.05). The 16S rDNA sequencing results showed that YC reduced the relative abundance of Prevotella_1 (p < 0.05), while significantly increased the relative abundance of Ruminococcaceae_UCG-005, uncultured_bacterium_f_Lachnospiraceae, and Ruminococcus_1 genus (p < 0.05). Metabolomics analysis showed that YC changed the abundance of metabolites related to amino acid metabolism, lipid metabolism and vitamin metabolism pathways in the rumen. In summary, YC might maintain rumen health under high-concentrate diet conditions by changing rumen microbiota structure and fermentation patterns, thereby affecting rumen metabolic profiles and repairing rumen epithelial injury.
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Introduction

Microorganisms play a crucial role in maintaining endoenvironmental homeostasis, facilitating metabolism, regulating intestinal health, activating immune activity, and contributing to neurodevelopment. Gastrointestinal tract harbors a diverse range of microorganisms, which interact in symbiotic and competitive relationships, forming an abundant and complex microbial community (Yang et al., 2022). The rumen is an essential digestive organ for ruminants and is also the principal site for microbial fermentation of volatile fatty acids (Yang et al., 2023). At present, to pursue higher fattening efficiency, high-energy grain feed is often used in the feeding management of meat ruminants. This feeding mode improves production performance while also posing a threat to rumen health. Rapidly fermentable carbohydrates will cause abnormal rumen fermentation and thus resulting in a persistently low rumen pH, which increases the occurrence of subacute rumen acidosis (SARA) in ruminants, bringing a series of risks to animal health (Silberberg et al., 2013).

Yeast is one of the most commonly used probiotics in ruminant nutrition studies to improve feed efficiency and prevent rumen acidosis by improving rumen fermentation. It has been shown to be effective in restoring the microbial balance of the gastrointestinal tract, especially when animals are in a state of digestive disturbance or stress (Schofield et al., 2018; Aswal et al., 2023; Wang et al., 2023). As an important single-cell protein for animal feed, Saccharomyces cerevisiae (S. cerevisiae) is the most widely used yeast species in animal production, because it is rich in amino acids, peptides, nucleotides, yeast polysaccharides and some unknown growth-promoting active factors (di Nicolantonio et al., 2023). Studies have shown that yeast products containing S. cerevisiae are used as a feed additive in ruminant nutrition to effectively improve feed efficiency and performance, moderate ruminal pH and digestibility, and prevent ruminal acidosis (Ogunade et al., 2019). Yeast culture (YC) is a class of biological products that contain live yeast cells and metabolic by-products (e.g., enzymes, vitamins, etc.) produced by S. cerevisiae and some live yeast during fermentation (Liu et al., 2022). YC, as a green additive, has been widely used in ruminant production because of its positive effect on improving the production performance of ruminants (Bass et al., 2019; Pang et al., 2022). Studies have shown that YC significantly improves the dry matter and crude fiber digestibility and increases milk production in buffaloes (Hansen et al., 2017). Studies on lambs have shown that adding YC to the diet can effectively increase the digestibility of neutral detergent fiber and improve the slaughter performance (Moghaddam et al., 2021). A meta-analysis showed that adding YC to the diet contribute to increasing average daily feed intake, dry matter intake (DMI) and feed-to-weight ratio in beef cattle, and that the promotion effect became more significant with longer feeding time (Pas et al., 2016). Notably, the effects of YC on ruminant growth performance is not consistent. For example, a comprehensive analysis of the effects of YC on meat ruminants showed that the growth promotion ranged from insignificant to a 20% increase in daily weight gain, with an average gain of 8.7% (Denev et al., 2007). The main reasons for this seem to be related to factors such as product type, animal condition and use of different raw materials. At present, the less clarity on the action mechanism of YC on ruminants also limits the use of YC. Previous studies have shown that adding YC to high concentrate diets improves rumen fermentation and microbiota in ruminants (Kumar et al., 1997), which is of great importance for ruminant production and rumen health.

Our previous studies have shown that YC can effectively improve the production performance, feed digestibility and rumen fermentation mode of sheep fed with high-concentrate feed, increase the concentration of butyric acid and total volatile fatty acids (TVFA), increase cellulase activity, and reduce the concentration of harmful metabolites such as lactic acid, lipopolysaccharide and histamine, and affect the abundance of major functional flora (Su et al., 2022). Thus, we speculated that YC might affect rumen development and fermentation patterns by improving rumen microorganisms and metabolites. Based on these results, we further explored the effects of YC on rumen epithelial development, overall microbiota and metabolome in sheep, with the aim of clarifying the mechanisms of YC effects on rumen function.



Materials and methods


Ethics statement

All experimental procedures involving animals were approved by the Animal Care Committee of Gansu Agricultural University (GSAU-AEW-2020-0057).



Animals and experimental design

Thirty male Hu male lambs with an initial average body weight of 19.27 ± 0.45 kg (3 months old) were randomly divided into 3 groups (10 lambs/group; n = 10) for completely randomized design (CRD). These lambs were housed in well-ventilated barns with free access to water in a medium-sized Hu sheep breeding farm (Qingyang, Gansu, China). Lambs were fed a total mixed ration (TMR) consisting of corn silage and grain mixtures to meet their nutritional requirements. Dietary ingredients and chemical composition of the basal diet were presented in Supplementary Table S1 (rough: concentrate (R:C) ratio ≈ 30: 70, dry matter (DM) basis). YC was provided by Phibro Animal Health Corporation, United States, the nutritional active ingredients: crude protein (CP) ≥ 12.0%, crude fat (EE) ≥ 3.0%, crude fiber (CF) ≤ 5.0%, Ash ≤3.0%, water ≤10.0%, S. cerevisiae ≥ 2 × 108 CFU/g. The pretrial period was 14 days, and the experimental trial period was 60 days. Lambs were fed daily using a basal diet supplemented with 0 g (CON group), 20 g (LYC group), and 40 g (HYC group) yeast product each per day. For each group, the YC were accurately weighted and pre-mixed with a small amount of crushed grain, and then a homogeneous mixture was added to the basal feed to ensure accurate dispersion throughout the feed. At the same time, the same volume of crushed grain was subjected to the CON group. All lambs were fed twice a day (8:00 and 17:00 h).



Sample collection and processing

At the end of the feeding experiment, six lambs were randomly selected in each group. After fasting for 12 h, the rumen fluid was collected through an oral catheter. To avoid contamination, the rumen fluid collected at the beginning was discarded, and the rumen fluid collected later was divided into two separate tubes. Immediately freeze with liquid nitrogen and store at −80°C for the determination of microbial diversity and metabolites in rumen fluid. Subsequently, three lambs of similar weight per group were selected and transported within 30 min (including careful catching and loading) to a local slaughterhouse (Qingyang, Gansu, China). The lambs underwent a standardized protocol for slaughter. The procedure used in this research adhered to the guidelines set out by the Animal Care and Use Committee of Gansu Agricultural University. After slaughter, the abdominal cavity was opened to remove the rumen and intestinal tract as a whole, and a rumen epithelial tissue sample (approximately 2 × 2 cm2) was carefully cut from the left rumen rucksack (Xie et al., 2020), and then fixed in 4% paraformaldehyde solution for hematoxylin–eosin (H&E) staining.



Ruminal epithelial parameters

The fixed rumen epithelial tissue was dehydrated in gradient alcohol, then cleared in xylene and finally embedded in paraffin blocks. After trimming, the embedded wax blocks were cooled on a −20°C freezing table, and then the cooled wax blocks were sectioned on a paraffin microtome at a thickness of 4 μm. The slices were floated on a spreader in 40°C warm water to flatten the tissue, picked up and baked at 60°C in the oven. After dewaxing, the paraffin sections were washed with distilled water and stained with hematoxylin–eosin (HE), and then sealed with neutral gum (Wang et al., 2021). Using Nikon Eclipse E100 microscope (Japan), NIKON DS-U3 (Japan) imaging system and Image-Pro Plus 5.1 image analysis system to observe and measure the thickness of rumen horny layer and muscle layer, length and width of rumen papilla. Five complete discontinuous slices were obtained for each wax block, and more than three complete visual fields were selected for each slice to be measured (Zhen et al., 2023).



Microbial diversity analysis

Eighteen rumen fluid samples collected through an oral catheter were subjected to 16S rDNA high-throughput sequencing in Biomarker Technologies (Beijing, China). The sequencing process was summarized as follows. After the total DNA of each sample was extracted, specific primers with Barcode were synthesized for PCR amplification and product purification, quantification and normalization to form a sequencing library (SMRT Bell). The quality inspection of the library was carried out first, and the qualified library was sequenced by PacBio Sequel. The off-machine data was exported to CCS files through the analysis software (SMRT Link, version8.0), and the CCS sequences of all samples were identified through the barcode sequence (lima software, v1.7.0) to remove chimeras, and finally high-quality CCS sequences were obtained. Use USEARCH (version 10.0) to cluster sequences at the level of similarity of 97%, and filter OTUs by default using 0.005% of all sequences sequenced as a threshold. Next, the sequences were divided into OTUs by the DADA2 method in QIIME2 (version 2020.6). Then species annotation, diversity analysis and difference analysis were performed based on OTUs. The analysis of the sequencing data was carried out using the BMKCloud platform.1 Alpha diversity indices including species richness (ACE and Chao1 indices), and diversity (Simpson and Shannon indices) were calculated based on the OTUs using QIIME2 (version 2020.6)2 (Li et al., 2023). Meanwhile, beta diversity analysis was used to evaluate differences between samples in species complexity (Wang et al., 2020). Based on the distance matrix obtained from the beta diversity analysis, principal coordinates analysis (PCoA) analysis was performed on the abundance matrix based on Brary-Curtis distance using R software package to further demonstrate the differences in species diversity among samples (Zhang et al., 2020). Next, Linear discriminant analysis effect size (LEfSe) software3 was used to make a LEfSe cluster diagram and linear discriminant analysis (LDA) diagram (Lin et al., 2022). The sequencing data was uploaded to the BioProject database (BioProject ID: PRJNA1023752).



Rumen fluid metabolic profiles

After pretreatment, the rumen fluid was detected by liquid chromatography-mass spectrometry (LC–MS). The chromatograph was Waters UPLC Acquity I-Class PLUS (Waters, United States), and the mass spectrometer was Waters UPLC Xevo G2-XS QTOF (Waters, United States). The chromatographic column is Acquity UPLC HSS T3 (100 mm × 2.1 mm, 1.8 μm, Waters, the United States), the mass spectrometry scanning range is selected as mass-to-charge ratio (m/z) 50–1,200. Metabolome analysis in the present study was carried out at BMKCloud platform (see text footnote 1). The specific process was as follows. The data were normalized by the method of total peak area normalization to diminish the influence of uncorrelated factors, i.e., each metabolite of each sample was divided by the total peak area of the sample. To evaluate metabolome data reproducibility, partial least squares discrimination analysis (PLS-DA) was performed by MetaboAnalyst (version 4.0) to predict the differences in metabolic profiling between different groups, and then the results were visualized by R package ggplot2 (version 3.3.2) (Liu et al., 2022). Differentially accumulated metabolites were screened out, and the screening results of differential metabolites were visualized using a volcano plot. A heatmap was derived by clustering differential metabolites based on R software to compare the differences in metabolites in different groups. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was used to find enriched metabolic signaling pathways involving differential metabolites between two groups. The sankey plot was used to show the differential metabolites of top10 and their enriched metabolic pathways.



Association analysis of 16S rDNA sequencing and metabolomics

Association analyses were carried out as described below. Correlation analysis between rumen microorganisms and metabolites used the R language cor.test function to calculate the Person correlation coefficient of species and metabolites. Next, the heatmap package visualizes correlation graphs.



Statistical analysis

First, for rumen epithelial parameter data, five well-oriented papillae for each section were identified, and their lengths, widths, stratum corneum thicknesses, and muscle layer thickness were counted. For statistical analysis, parameter data for histometric measurements, such as papillae length, widths, stratum corneum thickness, and muscle layer thickness, were pooled by all sections to obtain a mean value for each epithelial parameter. The rumen epithelial parameters were sorted out with Excel 2019, and SPSS 23.0 software (SPSS Inc., Chicago, IL, United States) was used statistical analyses. Statistical analyses of results were performed with a one-way analysis of variance (one-way ANOVA), followed by the Duncans method for multiple comparisons between groups. All data were presented as mean ± standard error. Differences were considered significant at p < 0.05. Then, for rumen 16S data, LDA coupled with effect size measurements LEfSe analysis was applied to search for statistically significant biomarkers (LDA > 4, p < 0.05) among different groups using LEfSe software. Next, for rumen metabolome data, differences in metabolites between different groups were selected by combination of the fold change (FC > 1.5), the Student’s t-test (p < 0.05), and the variable importance in the projection (VIP) threshold (VIP > 1.0) (Li et al., 2022). And significantly enriched pathways were identified with a hypergeometric test’s p-value (Pang et al., 2023). Finally, screened out microbial species and metabolites with |r| > 0.6 and p < 0.05 using the R language (R-3.1.1) Hmisc package for correlation analysis (Bi et al., 2021).




Results


Effects of YC on growth performance, rumen epithelium development, and fermentation parameters in sheep

No significant differences in final body weight, average daily gain, and average daily feed intake were observed, and the gain to feed ratio was higher in CON group than in HYC group, according to Supplementary Table S2. As shown in Figure 1, YC was generally able to alter rumen papillae development, and compared to the HYC group, the CON group had shorter papillae and signs of shedding. To further quantify the effects of YC on the rumen epithelium, we measured rumen epithelial parameters. The results are shown in Table 1, the rumen papilla length of the HYC group was significantly higher than that of the CON and LYC groups (p < 0.05). The stratum corneum thickness in control group was significantly greater than that of the other two groups (p < 0.05); YC did not have a significant effect on papilla width and rumen muscular thickness between the three groups (p > 0.05).

[image: Figure 1]

FIGURE 1
 Effects of YC on the morphology of rumen epithelial tissue (200 μm). (A) CON, basal diet control; (B) LYC, 20 g/d YC added group; (C) HYC, 40 g/d YC added group.




TABLE 1 Effects of YC on epithelial parameters of the rumen in sheep.
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Effects of YC on the diversity of sheep rumen flora

The effects of YC on rumen microbial diversity are shown in Figure 2. A total of 632 valid OTUs were obtained from 18 samples of three groups after quality control. Venn diagrams demonstrated the number of OTUs shared by different groups (Figure 2A), confirming the effects of YC in sheep rumen microorganisms. The results of the alpha diversity analysis of rumen microbiota based on OTUs and species abundance were shown in Figures 2C–F. Shannon and Simpson indices in HYC group were significantly higher than other two groups (p < 0.05), and Chao1 and ACE indices were not significantly change. The results of PCoA based on Bray-curtis algorithm were shown in Figure 2B, the contribution of principal coordinate 1 (PCo1) and principal coordinate 2 (PCo2) were 25.92 and 17.91%, respectively, and the CON group was significantly distinguished from the two experimental groups (p < 0.05), indicating that YC addition affected the rumen flora structure of sheep to a greater extent. Moreover, the sample cluster analysis shows that the distance between the rumen microflora structure of the control group and test groups is significantly different, indicating that YC can change the rumen microflora structure of sheep.

[image: Figure 2]

FIGURE 2
 Effects of YC on rumen microbial diversity. (A) Venn diagram of rumen OUT. (B) PCoA analysis of rumen microorganisms. (C) Chao1 Index. (D) Shannon Index. (E) Simpson Index. (F) ACE Index.




Effects of YC on the structure of rumen flora in sheep

At the phylum level, a total of 14 phyla were identified, and statistical analyses were performed for phyla with relative abundance percentages above 1%. The results are shown in Table 2, where Bacteroidetes, Firmicutes, Proteobacteria and Tenericutes accounted for more than 97% of the total and were the dominant phyla in the sheep rumen. Significance analysis showed that the Tenericutes in the HYC group was significantly higher compared to the other two groups (p < 0.05).



TABLE 2 Effects of YC on the relative abundance of rumen phylum in sheep rumen.
[image: Table2]

A total of 143 genera were identified at the genus level, of which the 22 genera with a relative abundance of >1% were found in the three groups in the sheep rumen (Table 3). Compared with the CON group, the relative abundance of Prevotella_1 was significantly decreased (p < 0.05), whereas the relative abundance of Ruminococcaceae_UCG-005, uncultured_ bacterium_o_Mollicutes_RF39, Prevotellaceae_UCG-001, [Eubacterium]_nodatum_group, Desulfovibrio and Ruminococcus_1 were significantly increased in the LYC and HYC groups (p < 0.05). Furthermore, adding YC in the diet resulted in a trend of increasing the relative abundance of Ruminococcus and Succiniclasticum compared with the CON group (0.05 ≤ p < 0.1).



TABLE 3 Effects of YC on the relative abundance of bacteria at genus in sheep rumen.
[image: Table3]

To further explore differences between samples, we performed LEfSe analyses (Figure 3). The more abundant bacterial genus in the CON group were Prevotella1, probable_genus_10 and Succiniclasticum, the significantly abundant bacteria in the LYC group were Prevotella_ruminicola, Prevotella, Erysipelotrichaceae_UCG_ 009 and others, whereas the significantly abundant bacteria in the HYC group were Ruminococcaceae_UCG_005. There were significant differences in the abundance of microbial communities among the CON group, LYC group and HYC group, indicating that dietary YC supplementation significantly improved the rumen microbial community structure.

[image: Figure 3]

FIGURE 3
 Microbial communities of different groups. (A) The LEfSe analysis histogram. Species with an LDA Score greater than a set value (set to 4.0 by default) are shown, with the length of the bars representing the effect size of the differing species (i.e., as an LDA logarithmic Score), and the different colors of the bar graph indicates the sample group corresponding to the taxon with higher abundance. (B) The LEfSe analysis branch diagram. The node size corresponds to the average relative abundance of the taxa. The yellow nodes represent taxa with insignificant differences between groups and nodes of different colors indicate microbiota that play an important role in the group represented by that color.




Effects of YC on the metabolite profiles of sheep

A total of 823 metabolites were identified from all rumen fluid samples to assess the impact of YC on ruminal metabolite profiles in sheep. As shown in Figure 4A, the PLS-DA score plot showed good aggregation with significant differences among groups, and the random permutation test showed that the model derived from PLS-DA had good fit and high predictability (R2X = 0.653, R2Y = 0.991, Q2 = 0.92). Based on the PLS-DA results, it is evident that there was a significant separation of metabolites between the CON and HYC groups, with minimal intra-group variation. Thus, the differential metabolites between these two groups were screened and classified for subsequent analysis. Differential metabolites were screened by FC > 1.5, p < 0.05, and VIP > 1. A total of 61 differential metabolites were identified for CON vs. HYC with 39 up-regulated and 22 down-regulated metabolites (Figures 4B,C). Among them, these differential metabolites are mainly categorized as carboxylic acids and their derivatives, benzene and substituted derivatives, organic oxygen compounds and fatty acyl substances. To further explore the effects of YC in rumen metabolic profile in sheep, metabolic pathway enrichment analysis of differential metabolite was performed. The results were shown in Figure 4D, screened differential metabolites between CON and HYC groups were mainly enriched in several pathways related to nutritional metabolism, including fat digestion and absorption, glycerophospholipid metabolism and biosynthesis of unsaturated fatty acids. Subsequently, the top10 differential metabolites were annotated to specific metabolic pathways in the KEGG database, presented in Table 4 and Figure 5. The top 10 differential metabolites were Phosphoric acid, 5-Methylthioribose, Chorismate, Pimelic acid, PC(16:1(9Z)/0:0), L-gamma-Glutamyl-L-alanine, D-Mannonate, 4-Hydroxybenzaldehyde, (2E)-Octenoyl-CoA, and Oleic acid, which are mainly involved in amino acid metabolism, lipid metabolism and vitamin metabolism pathways. The vitamins in ruminants are synthesized by certain ruminal microbial taxa and are related to nutritional metabolism (such as fatty acid synthesis and gluconeogenesis). Notably, the results showed that most metabolites related to fatty acid metabolism and vitamin metabolism were upregulated, indicated a different requirement of vitamins for sheep rumen bacteria, and therefore an altered biological metabolism in activities such as fatty acid biosynthesis and Glycerophospholipid.

[image: Figure 4]

FIGURE 4
 Effects of YC on rumen metabolites. (A) PLS-DA analysis of rumen metabolites. (B) Volcano plots of differential metabolites in CON vs. HYC groups. (C) Annular heat map of differential metabolites. (D) KEGG pathway enrichment bubble chart of differential metabolites in CON vs. HYC groups. CON, basal diet control; LYC, 20 g/d YC added group; HYC, 40 g/d YC added group.




TABLE 4 Top10 differential metabolites that can be annotated to metabolic pathways.
[image: Table4]
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FIGURE 5
 Sankey-Bubble Chart of the top 10 differential metabolites between CON vs. HYC.




Analysis of the association between rumen microorganisms and metabolites

To study the correlation among the changes in rumen microorganisms and metabolites, correlation analysis between significant differential metabolites and differential bacterial flora was performed by calculating Pearson’s correlation coefficient. As shown in Figure 6, these microorganisms (uncultured_bacterium_o_Mollicutes_RF39, Ruminococcaceae_UCG-005, [Eubacterium]_nodatum_group, uncultured_bacterium_f_Lachnospiraceae, and Desulfovibrio) significantly enriched in the HYC group (p < 0.05) displayed distinct correlations with metabolite categories, such as 4-Hydroxybenzalde Hyde, Phosphoric acid, Chorismate, D-Mannonate, L-gamma-Glutamyl-L-alanine, 5-Methylthioribose, PC(16:1(9Z)/0:0), (2E)-Octenoyl-CoA, and Pimelic acid, etc. The correlation between microbial abundance and metabolites revealed the relationship between rumen microbial groups and host metabolism.
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FIGURE 6
 Rumen differential metabolites and microbial correlation heat map. Screening of rumen differential microorganisms with relative abundance >1% between CON vs. HYC. Data containing at least one set of correlation coefficients and correlation p-values consistent with |r| > 0.6 and p < 0.05 were retained and then plotted on a heat map. Asterisks indicate significant correlation between differential metabolites and microbial (*p < 0.05, **p < 0.01, and ***p ≤ 0.001).


Lactic acid accumulation is a major focus of ruminant research, and we subsequently further investigated the relationship between lactic acid-associated flora and rumen differential metabolites (Figure 7). The results of correlation analysis showed that Selenomonas, Megasphaera and Butyrivibrio showed significant positive correlation with Phosphoric acid, Oleic acid, 4-Hydroxybenzaldehyde and significant negative correlation with L-gamma-Glutamyl-L-alanine, (2E)-Octenoyl-CoA, D-Mannonate, 5-Methylthioribose, Chorismate, Pimelic acid.
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FIGURE 7
 Heat map of differential metabolites and lactate metabolism-related microorganisms. Heat maps: the color of each matrix color block on the heat map represents the positive and negative correlation coefficient between metabolites, and the size of each matrix color block represents the absolute value of the correlation coefficient; network diagram: correlation of microbial abundance with each metabolite, and the line thickness and color indicates the correlation strength the significance degree, respectively.





Discussion

Our previous research results (Su et al., 2022) showed that, adding YC to the diet can effectively improve the daily gain and feed-to-meat ratio of sheep, and increase the apparent digestibility of crude protein, NDF and ADF. Therefore, we speculated that this may be related to the effects of YC on the rumen epithelium. In the current study, YC could affect the rumen epithelium development, as seen from significantly increased rumen papilla length and reduced stratum corneum thickness. A well-developed rumen epithelium is the basis for ruminants to have a high absorption rate and barrier capacity. Lesmeister et al. (2004) believed that the rumen papilla height is the most important factor in evaluating the rumen development, followed by the papillae width and rumen wall thickness. The rumen papilla is a small protrusion of the rumen mucosal epithelium, which can increase rumen area for VFA absorption. Well-grown rumen papilla can ensure efficient absorption and utilization of nutrients, and well-developed rumen epithelium has many functions including nutrient absorption, metabolism, pH regulation, as well as immune and barrier functions, which are necessary conditions for maintaining rumen health in ruminants (Faniyi et al., 2019).

YC in the diet has positive effects on growth, rumen and intestinal tract in calves, improves rumen fermentation by increasing butyric acid production, and promotes the growth and development of rumen papilla, as reviewed by Alugongo et al. (2017). In addition, this positive effect is more pronounced in calves that have been stressed or exposed to different pathogenic factors (Alugongo et al., 2017). Interestingly, our previous study showed that YC increase butyrate and total volatile fatty acids concentration in sheep rumen fluid (Supplementary Table S3; Su et al., 2022), suggesting that YC might increase butyrate production by regulating rumen fermentation pattern, and hence repairing rumen epithelial injury, which is consistent with the results of our current study. High-concentrate diets have a negative impact on the rumen epithelium development and prolonged SARA can lead to atrophy of the rumen papilla, exacerbate the expansion of rumen trauma area, as well as finally affect rumen function and animal health.

A large number of studies have shown that YC promotes rumen development and improves rumen barrier function. Xiao et al. (2016) showed that 2% YC significantly increase the length, width and mucosal thickness of rumen papilla in calves. Although most studies have shown that YC can repair rumen epithelial injury and improve the ruminal papillae development, which is consistent with our results, there are a few studies that are different. For example, Magalhães et al. (2008) showed that YC have no significant effect on the length and width of rumen papilla and rumen wall thickness of calves aged 1 and 2 months. These inconsistent results may be related to the state of the animals themselves, with studies suggesting that YC plays a positive role when animals are stressed, sick or have nutritional imbalance. The improved development of the rumen by YC may be related to its regulation of rumen microflora, which affects the production of VFA, or it may also be protected by the ability of yeast polysaccharides to adsorb LPS and other endotoxins from the rumen, preventing them from entering the bloodstream via the rumen epithelium and causing inflammation, the exact mechanism of action of which needs to be studied in more depth.

Ruminal microorganisms can participate in nutrient digestion o by secreting digestive enzymes, which play an important role in regulating rumen fermentation and maintaining ruminal health (Fontanesi, 2016). Alpha diversity is assessed by a series of statistical indices to estimate the species abundance and diversity of environmental community. The ACE and Chao1 indices are mainly used to assess the number of OTUs in a sample, whereas the Shannon and Simpson indices mainly comprehensively reflect the diversity of species in a sample (Segata et al., 2011). Our results showed that YC significantly increased Shannon and Simpson indices in sheep rumen samples with a significant dose effect, which may imply that YC increases the species diversity of rumen microorganisms. It has been shown that higher rumen microbial diversity represents a more stable rumen microecosystem, which is important for ruminants to maintain health and improve production performance (Mccann et al., 2017). To further understand the effects of YC on rumen microorganisms in sheep, we analyzed the effect of YC on rumen flora structure at the phylum and genus level. The results showed that Bacteroidetes and Firmicutes were the two most dominant phylum in sheep rumen under high concentrate diets, and that YC significantly increased the relative abundance of Tenericutes. de Nardi et al. (2016) showed that a mixture additive of polyphenols and essential oils increased the abundance of many Tenericutes and decreased the abundance of species of Proteobacteria and Actinobacteria based on 16S rRNA detection techniques. At the genus level, we screened the genera with relative proportions >1% for analysis, and the results showed that YC significantly reduced the proportion of Prevotella_1 and increased the proportions of Ruminococcaceae_UCG-005, Prevotellaceae_UCG-001, Desulfovibrio, and Ruminococcus_1. Prevotella spp. as one of the most abundant genera in the rumen can be involved in the degradation and digestion of several feed components. And two studies showed that the abundance of Prevotella_1 was significantly higher in the high starch diets (Deaville and Galbraith, 1992; Michalak et al., 2021), which may imply a close relationship between this genus and starch degradation. The above speculations were also confirmed in a follow up study showing that Prevotella ruminicola is an important starch-and protein-degrading bacterium and that YC can reduce the abundance of rumen starch-utilizing bacteria and maintain rumen pH at healthy levels (Halfen et al., 2021), which is consistent with our results. Yeast (S. cerevisiae) fosters and stimulates the proliferation of lactic acid-utilizing bacteria (LUB), especially promoting the growth of M. elsdinii populations (Rossi et al., 2004; Sirisan et al., 2013). This effect is attributed to the high concentration of growth factors derived from the yeast cell walls (Rossi et al., 2004). Furthermore, S. bovis and S. cerevisiae are both capable of competing for glucose via growth promoters (Rossi et al., 2004; Sirisan et al., 2013). Ruminococcaceae, as an important member of the Firmicutes, can help ruminants utilize crude fiber for fermentation and produce large amounts of VFA (Liu et al., 2020). A large number of studies have shown that S. cerevisiae products, either ADY or YC, can significantly increase the abundance of Ruminococcus by increasing the abundance of cellulolytic bacteria, lactic acid-utilizing bacteria, and carbohydrate-active enzymes in the rumen (Yohe et al., 2015; Ogunade et al., 2019). These results are consistent with our study showing that YC increased the relative abundance of Ruminococcaceae_UCG-005 and Ruminococcus_1. Interestingly, our previous study using metagenomic technology also concluded that YC can increase the abundance of R. flavefaciens and Ruminococcus (Su et al., 2022). These results suggested that YC can alter the abundance of cellulose-degrading bacteria in the sheep rumen. Changes in the microbial flora can degrade rumen cellulose and hemicellulose to produce VFA to provide energy for the body and promote rumen epithelium development. Studies have shown that Desulfovibrio is a sulfate-reducing bacterium in the ruminant’s rumen, and the sulfide produced by the sulfate reduction process can hinder the oxidation of short-chain fatty acids in the rumen, and it may be related to the low nitrogen utilization efficiency of dairy cows (Jia et al., 2012; Xue et al., 2020). In our study, YC increased the abundance of Desulfovibrio but without negatively affecting the animals, which might be related to diet type and animal breed for reasons that are not yet clear.

The above results indicated that YC affected the development of rumen papillae and rumen flora. To further explore the effect of adding YC on rumen metabolites, we analyzed the metabolic changes of rumen metabolites using a untargeted LC–MS-based metabolomics approach. Our research shows that adding YC has a greater impact on rumen metabolites, which mainly belong to amino acids and their metabolites, organic acids and their derivatives, carbohydrates and their metabolites, and glycerophospholipids. Studies have shown that the main metabolites in the rumen, such as organic acids, amino acids and sugars, are mainly produced by rumen microorganisms digesting the diet (Scano et al., 2014). This might imply that YC modulates the rumen metabolite profile mainly through alterations in rumen microorganisms, which ultimately have an effect on the host animal. Pathway enrichment analysis of these metabolites revealed that the differential metabolites were mainly focused on fatty acid metabolism-related pathways, mainly including fat digestion and absorption, glycerophospholipid metabolism and unsaturated fatty acid biosynthesis. Ding et al. (2014) showed that although high concentrate can improve the body’s fat metabolism, it will damage the integrity of the inner wall of the animal’s gastrointestinal tract, whereas yeast can improve fat and phospholipid metabolism, which is conducive to maintaining the integrity of the inner wall cells of the digestive tract. Adding YC to the diet may promote the hydrogenation of rumen microorganisms, and it has been shown that adding YC to high-fat diets can increase the concentration of saturated fatty acids in sheep rumen (Lascano et al., 2012). These results are consistent with our results that YC mainly affected rumen fatty acid metabolism. It should be noted that there are also differences in metabolites related to vitamin metabolic pathways such as biotin and folic acid. Based on this, we speculated that YC might have a potential effect on B vitamin metabolism in ruminants. Many studies have shown that thiamin, a B vitamin, alleviate a series of adverse effects caused by SARA in animals by increasing the abundance of rumen catabolic bacteria to enhance the expression of rumen epithelial tight junction proteins, and reducing the secretion of inflammatory factors (Pan et al., 2017; Ma et al., 2021). It has also been shown that biotin and B-complex vitamins alleviate rumen acidosis in ruminants and are effective in the prevention and treatment of hoof disease in dairy cows (Bergsten et al., 2003; Bampidis et al., 2007). These studies demonstrate the importance of B vitamins for ruminant health, especially when animals are in a high concentrate feeding mode. It is well known that YC cultures contain many nutrients, including B vitamins. In this study, YC affected metabolites associated with the B vitamin metabolic pathway, and whether this alteration is due to the B vitamins it contains or through changes in the rumen flora associated with B vitamin synthesis is still unclear. Interpretation of these issues were important for the use of YC to meet the B vitamin requirements of ruminants, and needs to be focused on in future studies. Notably, the sources of vitamin B are mainly from the synthesis of rumen microorganisms. Only by clarifying the relationship between microorganisms and B vitamin synthesis can the synthesis of B vitamins be regulated through animal nutrition, so as to better maintain ruminant health and improve production performance.



Conclusion

In summary, YC might improve rumen barrier function by repairing rumen epithelial injury, such as repairing rumen papilla length and stratum corneum thickness. Furthermore, YC can significantly improve the rumen flora of sheep fed with high-concentrate conditions, increase the relative abundance and diversity of rumen microorganisms, reduce the flora associated with starch degradation, and increase the abundance of flora associated with fiber decomposition. Changes in the microbiota further affected the rumen metabolic profile, resulting in differences in metabolites related to amino acid metabolism, lipid metabolism, and vitamin metabolism. These variations might be what led to the change in rumen fermentation type in our previous study and maintained a healthy rumen under high concentrate conditions. The above results indicated that an addition of 40 g/d YC to the diet was helpful to repair rumen epithelial injury under high concentrate conditions, thereby maintaining rumen health in sheep.
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Weaning goats are susceptible to diarrhea and have weakened immune functions due to physiological, dietary and environmental stresses. Astragalus membranaceus (A. membranaceus), a traditional Chinese medicinal herb, has been shown to improve growth performance and immunity in weaned ruminants. However, the influence mechanism of A. membranaceus on intestinal microbiota and mucosal immunity in weaned goats is still unknown. This study investigated the effects of ultra-grinded A. membranaceus (UGAM) on the immune function and microbial community in the ileum of weaned goats. Eighteen healthy weaned Xiangdong black goats (BW, 5.30 ± 1.388 kg) were used in a study of completely randomized block design with 28 days long. The animals were randomly assigned to either a basal diet supplemented with 10 g/d of milk replacer (CON, n = 9) or the CON diet supplemented with 10 g/head UGAM (UGAM, n = 9). Supplementation of UGAM increased (p < 0.05) the plasma concentrations of total protein and albumin. Meanwhile, the addition of UGAM reduced (p < 0.05) the relative mRNA expression of the IL-6 gene (a marker of inflammation), indicating the potential immunomodulatory effect of UGAM. Moreover, the relative abundances of Verrucomicrobiota and Mycoplasma were lower (p < 0.05) in the ileum of goats supplemented with UGAM than CON. These findings suggest that dietary supplementation of UGAM may have enhanced the ileum health of weaned goats by reducing inflammation factor expression and reducing the relative abundance of pathogenic microbes. The observed beneficial effects of ultra-grinded A. membranaceus on ileal mucosal immune and the community of ileal microbiota indicate its potential to be used as a viable option for promoting the well-being of weaned goats under weaning stress.

KEYWORDS
 microbial community, ileal mucosal immune, dietary supplementation, ultragrinded Astragalus membranaceus, weaned goats


1 Introduction

Weaning is a critical stage in the development of goats, during which they undergo dietary transition, and social and environmental changes (Zobel et al., 2020). This is the most stressful period of animal life that is often associated with challenges such as diarrhea and immune suppression, which can have detrimental effects on the health and growth performance of weaned goats (Chen et al., 2020). It is reported that the small intestine barrier function of piglets decreases rapidly shortly after weaning, accompanied with reduced absorptive capacity (Wijtten et al., 2011). This is associated with the disruption of tight junction structures and reduced mucin production, which ultimately leads to increased intestinal permeability (Wang et al., 2016). For young ruminants like goats, weaning signifies the cessation of their capacity to obtain immunoglobulins, glutathione peroxidase, lysozymes, and other components from maternal milk (Huang et al., 2023; Yuan et al., 2023), thus leading to a decrease in acquired immune barrier function (Zhang et al., 2016). Moreover, it is worth noting that weaning has the potential to cause oxidative damage in the intestine of goats (Chen et al., 2020). Considerable effort has been made toward developing various nutritional and management strategies to improve animal immunity and health (Zheng et al., 2020). The use of traditional herbal medicines has been one of the most studied areas during the last decades.

Astragalus membranaceus (A. membranaceus) root powder, commonly in therapeutic use for both humans and livestock, is now gaining increasing interest in being used as a feed additive. It contains lots of bioactive compounds, including polysaccharides (Peng et al., 2023), flavonoids (Liang et al., 2020), and saponins (Ionkova et al., 2014). Therefore, it possesses various beneficial effects such as anti-apoptosis (Liao et al., 2023), anti-inflammatory (Adesso et al., 2018), immunomodulatory (Du et al., 2022) and neuroprotective properties (Gao et al., 2022; Li et al., 2022). These properties make it a promising candidate for improving weaned goats’ health and immune response. Several studies have demonstrated the positive impact of A. membranaceus supplementation on growth performance and immune function in weaned ruminants. For instance, a study demonstrated that A. membranaceus enhanced growth performance, rumen fermentation, and immune response of Tibetan sheep (Wang et al., 2021). Another study reported an improvement in the antioxidant capacity and stability of goat muscle by reducing myoglobin oxidation and lipid oxidation levels, and increasing antioxidant enzyme activity with supplementation of A. membranaceus root (Luo et al., 2020). However, the specific effects of A. membranaceus on the microbiota composition, tight junction, and immune functions of the ileum of weaned goats and its underlying mechanisms are still not fully understood.

Ultra-fine grinding technology that uses mechanical or hydrodynamic methods to crush material into fine particles ranging from 10 to 15 μm (Chaumeil, 1998), is widely used in processing Chinese herbs. Compared to the conventional grinding method, the ultra-fine ground herbs showed better dissolution rate, dispersion, utilization rate, and efficacy when applied to animals (Xu et al., 2015; Du et al., 2020). Similarly, ultra-grinding technology is involved in processing astragalus root, and the water-holding capacity and polysaccharide solubility increased as the particle sizes of astragalus root powder decreased from 300 to 7.56 μm (Li et al., 2011). Moreover, dietary supplementation of A. membranaceus powder at the concentration of 5 g/kg of diet enhanced serum antioxidant status, and its efficacy linearly increased as the A. membranaceus particle size decreased from 300 to 37 μm in broilers (Zhang et al., 2013). Given that the ileum represents a site for nutrient absorption and intestinal microbial and immune function of the small intestine, we hypothesized that supplementation of ultra-grinded A. membranaceus (UGAM) powder might improve the microbiota composition, tight junction, and immune functions of the ileum. This study aimed to assess the effects of feeding a basal diet supplemented with UGAM on the blood metabolites, and immune function, tight junction and microbiota composition in the ileum of weaned goats.



2 Materials and methods


2.1 Animal experimental design and diets

Eighteen healthy weaned Xiangdong black goats (42 days old) with similar initial body weight (BW; 5.30 ± 1.388 kg) were blocked by BW and randomly allocated into one of two treatments (n = 9/treatment). The experiment was a completed randomized block design with two treatments that were a basal diet supplemented with 10 g/d of milk replacer (CON) and the CON diet supplemented with 10 g/d ultra-grinded Astragalus membranaceus (UGAM) for each goat. The UGAM was prepared using the root of A. membranaceus, which was purchased locally, chopped, dried overnight at 60°C, and then ultra-ground into micron order (D50 = 14.74 μm, D90 = 52.06 μm) using a Chinese medicine ultrafine grinding machine (WZJ-6B, Jinan Beili Powder Engineering Technology, Jinan, China). The dose of UGAM used in the present study was based on a previous report by Hao et al. (2020). The milk replacer was supplied by the Beijing Precision Animal Nutrition Research Center (Q/HDJZA 0004-2018, Beijing, China). The ingredients and nutrient contents of the experimental diet were detailed in Table 1. The experimental period consisted of a pre-trial period of 7 days and an experimental period of 28 days. Goats were housed and fed in individual cages and had free access to clean water throughout the experimental period.



TABLE 1 Ingredients and nutrient levels of the basal experimental diet.
[image: Table1]



2.2 Blood sampling and organ collection


2.2.1 Blood biochemical indices analysis

Before morning feeding, blood was sampled from each goat at the end of the experimental period (78 days old). Each goat was subjected to neck venipuncture using disposable needles, and about 4 mL of blood was collected into anticoagulant tubes containing EDTA-K (Changsha Yiqun Medical Equipment Co., Ltd., Changsha, China). The samples were placed at room temperature for 10 min, and then centrifuged at 3,000 × g for 20 min at 4°C to obtain plasma. The obtained plasma samples were stored at −20°C until the analysis.

Blood biochemical indices were determined using commercial assay kits (Nanjing Jiancheng, Nanjing, China) and a spectrophotometer (Barloworld Scientific Ltd., Genova, Italy) in CAS Key Laboratory for Agro-Ecological Processes in Subtropical Region. The measured blood indices included total protein (TP; kit #03183734190), albumin (ALB; kit #03183688122), alanine aminotransferase (ALT; kit #20764957322), aspartate aminotransferase (AST; kit #20764949322), alkaline phosphatase (ALP; kit #03333701190), gamma-glutamyl transferase (GGT; kit #03002721122), lactate dehydrogenase (LDH; kit #03004732122), blood urea nitrogen (BUN; kit #04460715190), glucose (GLU; kit #11929992216), triglycerides (TG; kit #20767107322), total cholesterol (CHOL; kit #03039773190), amylase (AMS; kit # 03183742122), low-density lipoprotein cholesterol C3 (LDL-C3; kit #03038866322), C-reactive protein 3 (CRPL3; kit #03263991190), amyloid precursor protein (Amy-p; kit #20766623322), total bilirubin 3 (BILT3; kit #03146022122), lactic acid (LACT; kit #03183700190), blood ammonia (NH3L; kit #20766682322). All measurements were carried out according to the instructions of the supplier.



2.2.2 Organ index

On day 79, all goats were euthanized and slaughtered after 12 h of fasting and depriving of water. The organs, including the heart, kidney, adrenal gland, thymus, pancreas, thyroid, spleen, and lymph nodes from the jejunum, ileum, and colon, were isolated, collected, and weighed. The organ index was calculated as the weight of each organ divided by the final live weight before slaughter.




2.3 Ileal immune function, tight junction, and microbiota composition


2.3.1 Ileal mucosa and contents sample collection

Approximately 15 mL of ileal contents were collected from the central part of the ileum into a 20 mL sterile centrifuge tube, snap-frozen in liquid nitrogen, and stored at −80°C for further analysis. Then, about 10 cm of middle ileum was taken and washed with cold PBS, and 2 ~ 4 cm of ileum tissue was cut and fixed in 10% polyoxymethylene-phosphoric acid buffer for morphological measurement. The ileal mucosa sample was collected from the rest ileal tissue and stored at −80°C to measure the expression of mucosal immune and tight junction-related genes.



2.3.2 Real-time PCR for mucosal immune- and tight junction-related genes

Isolation of RNA and cDNA preparation from the collected ileal mucosa samples was carried out according to Ran et al. (2016). Expression levels of target genes related to immune and barrier functions in ileal tissue were determined by real-time PCR, which was performed on an ABI-7900HT qPCR system (Applied Biosystems, Foster City, United States) using FG Power SYBR Green PCR Master Mix (Applied Biosystems). Primer sequences for the target and internal reference genes are presented in Table 2. A melt curve analysis was performed for each gene at the end of the PCR run. The expression level for each gene was calculated after its cycle threshold (Ct) was normalized to the Ct for β-actin using the 2−ΔΔCt method (Livak and Schmittgen, 2001).



TABLE 2 Primers used for real-time PCR analysis of genes related to intestinal immune and barrier functions.
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2.3.3 Genomic DNA extraction and library preparation

The ileal content samples were thawed at 4°C overnight, and the DNA of ileal microbiota was extracted with the T Guide S96 Magnetic Soil/Stool DNA Kit (Tiangen Biotech Co. Ltd., Beijing, China) according to the manufacturer’s instructions. The integrity and concentration of extracted DNA were checked using agarose gel electrophoresis and Qubit dsDNA HS Assay Kit and Qubit 4.0 Fluorometer (Invitrogen, Thermo Fisher Scientific, Oregan, United States), respectively. The extracted DNA was stored at −20°C until sequencing.

The universal primer 27F/1492R (Forward: AGRGTTTGATYNTGGCTCAG; Reverse: TASGGHTACCTTGT-TASGACTT) set was used to amplify the full-length of bacterial 16S rRNA gene from the extracted genomic DNA (Frank et al., 2008). Both the forward and reverse primers were tailed with sample-specific PacBio barcode sequences to allow for multiplexed sequencing, which reduces chimera formation as compared to the alternative protocol in which primers are added in the second PCR reaction. Twenty-five cycles of PCR amplification were performed using the KOD One PCR Master Mix (TOYOBO Life Science), with initial denaturation at 95°C for 2 min, followed by 25 cycles of denaturation at 98°C for 10 s, annealing at 55°C for 30 s, and extension at 72°C for 1 min 30 s, and a final step at 72°C for 2 min. The amplicons were verified and purified using the 2% agarose gel electrophoresis and Agencourt AMPure XP Beads (Beckman Coulter, Indianapolis, United States), respectively, and then quantified using the Qubit 4.0 Fluorometer (Invitrogen, Waltham, United States). After the individual quantification step, amplicons were pooled in equal amounts to construct pair-end libraries. SMRT bell libraries were prepared from the amplified DNA by SMRT bell Express Template Prep Kit 2.0 according to the manufacturer’s instructions (Pacific Biosciences). Purified SMRT bell libraries from the pooled and barcoded samples were sequenced on a single PacBio Sequel II 8 M cell using the Sequel II Sequencing Kit 2.0.



2.3.4 Bioinformatics analysis

The bioinformatics analysis of obtained raw data was performed on the BMK Cloud (Biomarker Technologies Co., Ltd., Beijing, China). Briefly, the raw reads were filtered and demultiplexed using the SMRT Link software (version 8.0) with the min Passes ≥ 5 and min Predicted Accuracy ≥ 0.9 to obtain the circular consensus sequencing (CCS) reads. Subsequently, the LIMA (version 1.7.0) was employed to assign the CCS sequences to the corresponding samples based on their barcodes. The CCS reads containing no primers, and those reads beyond the length range (1,200–1,650 bp) were discarded through the recognition of primers and quality filtering using the Cutadapt quality control process (version 2.7). The chimera sequences were detected and removed using the UCHIME algorithm (version 8.1) to obtain clean reads. Sequences with similarity ≥ 97% were clustered into the same operational taxonomic unit (OTU) using the USEARCH (version 10.0; Edgar, 2013), and the OTUs with abundance < 0.005% were filtered. Taxonomy annotation of the OTUs was performed based on the Naive Bayes classifier in QIIME2 (Bolyen et al., 2019) using the SILVA database (Quast et al., 2012). The α-diversity indices were calculated and displayed by the QIIME2 and R software, respectively. Beta diversity analysis was assessed using principal coordinate analysis (PCoA) and nonmetric multidimensional scaling (NMDS). Linear discriminant analysis (LDA) effect size (LEfSe) was applied to show the difference in the bacterial communities between the two treatments using the non-parametric factorial Kruskal-Wallis test with an alpha value of 0.05 and LDA score of 2.0. Finally, the PICRUSt2 software was used to predict the metagenomic metabolic function based on normalized OTU abundance and the KEGG pathway on level 2 (Langille et al., 2013; Comeau et al., 2017).




2.4 Statistical analysis

Data analysis for blood biochemistry indices, and expression of immune-related genes in the ileum were performed using IBM SPSS Statistics 26. T-test was used to compare the differences between the two treatment means. Wilcoxon rank-sum test was used to detect differential abundances of phyla and genera between the two treatments. Unless otherwise stated, treatment effects were considered significant at p ≤ 0.05, and tendencies were declared at 0.05 < p ≤ 0.10. The correlations between bacterial genera with genes related to immune and tight junction and plasm biochemical index were performed using Spearman’s rank correlation coefficient in the R package, and the results were presented in the form of a heatmap.




3 Results


3.1 Effects on blood biochemical indices

The results of blood biochemical indices are presented in Table 3. The supplementation of UGAM had a greater concentration of TP (p = 0.02) and ALB (p = 0.03) compared with the CON group. However, the other blood biochemical indices did not differ between CON and UGAM treatments, and all of them were within the normal physiologic range in weaned goats.



TABLE 3 Effects of UGAM supplementation on the blood biochemical indices of weaned goats.
[image: Table3]



3.2 Effects on organ index

The results for the organ index of weaned goats are presented in Table 4. Most of the organ index did not differ between the CON and UGAM treatments, except that the goats received the UGAM supplementation tended to have greater (p = 0.067) lung index as compared to the CON treatment. The indexes of organs related to immune function were similar between the CON and UGAM treatments.



TABLE 4 Effects of UGAM supplementation on the organ index of weaned goats.
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3.3 Effects on the mRNA expression of genes related to ileal immune and barrier function

Dietary supplementation of UGAM did not affect the mRNA expression of most of the immune- and barrier function-related (mainly tight junction proteins, TJP) genes in the ileum, except IL-6, TJP3, and Ocludin (OCLN; Table 5). Among which, the relative expressions of IL-6 (p < 0.05), and OCLN (p < 0.01) genes were lower in the UGAM treatment, whereas the relative expression of TJP3 was greater (p < 0.05) with UGAM than CON treatment.



TABLE 5 Effects of UGAM supplementation on the relative expression of immune and tight junction-related genes in the ileum.
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3.4 Effects on the ileal microbial community

The effects of supplementing UGAM on the α-diversity of ileal microbiota were assessed by analyzing the Shannon, Simpson, and Chao1 indexes. Neither the Shannon and Simpson indexes nor the Chao1 index were affected by the UGAM supplementation (Figures 1A–C). Moreover, the inclusion of UGAM in the diet did not shift β-diversity as evidenced by the principal coordinate analysis (PCoA; Figure 1D) and Nonmetric Multidimensional Scaling (NMDS; Figure 1E) analysis, which showed no clear separation between the two treatments.

[image: Figure 1]

FIGURE 1
 The alterations in the microbial richness and diversity of ileum chyme in goats fed the CON and UGAM diets. Summary of the Shannon (A), Simpson (B) and Chao1 (C) indices in weaned goats. The principal coordinate analysis (PCoA; D) and Nonmetric Multidimensional Scaling (NMDS; E) of the ileum chyme-associated microbiota. CON, the control group; UGAM, the ultra-grinded Astragalus membranaceus powder group.


The taxonomic compositions of the ileal microbes at different levels were analyzed, and the results showed that a total of 16 phyla, 23 classes, 57 orders, 92 families, 147 genera, and 186 species were detected in all samples from the two treatments. At the phylum level (Figure 2A), phyla Firmicutes, Verrucomicrobiota, Proteobacteria, Bacteroidota, Synergistota, and Cyanobacteria had relative abundances exceeding 1%, and the Firmicutes exhibited the highest relative abundance in both CON (67.9%) and UGAM (59.8%) treatments. The supplementation of UGAM had a lower (p < 0.05) relative abundance of Verrucomicrobiota than the CON treatment. At the genus level, a large proportion of sequences ranging from 57.5% to 59.3% remained unclassified (Figure 2B). Among the genera identified in the ileum, Romboutsia, Clostridium, Escherichia, Fretibacterium were the most abundant, followed by Flavonifractor, Mycoplasma, Quinella, Prevotella, Aestuariispira, and Ruminococcus. The UGAM treatment showed a lower (p < 0.05) relative abundance of Mycoplasma than the CON. The LEfSe analysis further showed significantly enriched microbial taxa between the two treatments (Figure 2C). Notably, the genera Oscillibacter, Phascolarctobacterium, Mitsuokella, and Anaerotignum were enriched in the UGAM treatment, whereas, the genera Candidatus_Arthromitus was enriched in the CON.

[image: Figure 2]

FIGURE 2
 Results of 16S rRNA gene sequencing of the ileum bacteria of goats fed CON and UGAM diets. Taxonomic analysis of ileum bacteria of goats at phylum (A) and genus (B) levels. * indicates a significant difference between the CON and UGAM groups at p < 0.05; LEfSe analysis Histogram of the LDA scores for differentially abundant genera (C); KEGG function prediction at class1 (D), class 2 (E) levels. CON, the control group; UGAM, the ultra-grinded Astragalus membranaceus powder group.


The PICRUSt2 analysis was performed to predict the contribution of identified microbial communities from the KEGG pathways at both level 1 and level 2 (Figures 2D,E). The KEGG functional annotation of the ileum microbiota indicated that the primary function of the ileum microbiota at level 1 was metabolism; while the major function related to metabolism at level 2 included metabolism of energy, carbohydrate, amino acid and nucleotide, and metabolism of cofactors and vitamins, as well as membrane transport. The ileum microbes have also evolved in translation, replication, repair and signal transduction. However, no significant differences were observed in the major functions between the CON and UGAM treatments.



3.5 Correlation among ileal bacteria at the genus level, markers of immunity, tight junction, and plasma biochemical indices

The correlation network graph of the module (Figure 3A) depicts the interrelationships among 44 nodes representing 15 phyla, encompassing a total of 100 correlations. These correlations consist of 94 positive associations and 6 negative associations. Notably, Rhizobiales demonstrated the highest number (12) of positive correlations, whereas Oligosphaerales displayed the highest number (3) of negative correlations.
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FIGURE 3
 Correlation networks of the ileum bacteria at genus level, the relative expression of immune- and tight junction-related genes, and blood biochemical indices based on Spearman’s correlation coefficients. Network diagram at OUT level (A). The size of the nodes indicates the mean abundance of each OTU. The lines between nodes represent correlations between the connected nodes, with the color saturation and line width indicating correlation magnitude: red denotes a positive correlation and green a negative correlation. Only lines corresponding to correlations with a magnitude greater than 0.1 are drawn; Heatmap illustrating the correlation between the relative abundance of the top 10 microbial genera with the relative expression of immune- and tight junction-related genes (B) and blood biochemical indicators (C). The size and color of the circles represent the magnitude of the correlations, with larger and darker circles indicating stronger correlations. The red color indicates positive correlations, while the blue color indicates negative correlations.


The correlation between ileal bacteria at the genus level and the relative expression of immune- and tight junction-related genes was presented in Figure 3B. The relative mRNA expression of TJP1 (a tight junction-related gene) and IL-1β (an immune-related gene) exhibited a significant positive correlation with the relative abundances of Ureaplasma (R2 = 0.83, p < 0.001; R2 = 0.60, p < 0.01, respectively) and Mycoplasma (R2 = 0.84, p < 0.001; R2 = 0.57, p < 0.05, respectively). Similarly, the relative mRNA expression of IL-6 demonstrated a positive correlation (p < 0.01) with Ureaplasma (R2 = 0.65) and Mycoplasma (R2 = 0.64), and a medium correlation (p < 0.05) with Quinella (R2 = 0.48) and Fretibacteriun (R2 = 0.47).

The correlation between ileal bacteria at the genus level and plasma biochemical indices was revealed in Figure 3C. The relative abundance of Ruminococcus showed a medium correlation (R2 = 0.52; p < 0.05) with TP, whereas had a negative correlation (R2 = −0.49; p < 0.05) with GGT. The abundance of Fretibacteriun (R2 = 0.48) and Quinella (R2 = 0.58) had a positive correlation (p < 0.05) with NH3L. Furthermore, the abundance of Romboutsia had a negative correlation (R2 = −0.47; p < 0.05) with AST.




4 Discussion

In recent years, there has been growing interest in studying the effects of natural plant extracts on nutrient digestibility, immune response, and microbiota composition in the intestines of animals because of their critical role in nutrient absorption and animal health. Additionally, a number of mechanisms whereby plant bioactive compounds may improve gut health, intestinal microbial balance and nutrient digestibility have been proposed; whereas, there are still very limited studies on this field because of the difficulty to obtain samples from the intestine and the high cost of animal use. Within our knowledge, this is the first study to assess the effects of dietary supplementation of UGAM on the ileal microbial community, expression of genes associated with intestinal immunity and tight junctions. Analyzing the combination of the ileal microbial community, gene expression associated with intestinal immunity and blood biochemical indices response to UGAM supplementation provides a great opportunity to better understand the mode of action of UGAM under stressed conditions (weaning). It is reasonably believed that the generated information from the present study is helpful for identifying and developing newer and better antimicrobials from natural products. However, it should be noticed that the current experiment was not able to identify the amount of each individual active compound from UGAM that reached the intestine, and thus, to determine the exact mechanism of the UGAM components. Therefore, these limitations in this study should be considered in future research. In addition, some speculations are included to expand the discussion based on the present results and the available findings in the literature, which should be interpreted with caution.


4.1 Effect of UGAM on blood biochemical indices of weaned goats

Blood biochemical indices serve as markers for the health and internal metabolic status of animals. Previous studies reported that dietary supplementation of A. membranaceus root powder increased activities of T-SOD, CAT, and T-AOC in the blood of weaned lamb (Zhong et al., 2012) and finishing lamb (Hao et al., 2020), suggesting enhanced antioxidant status. Although the antioxidant was not detected in the present study, a notable increase in blood TP and ALB contents with supplementation of UGAM, highlights an enhanced protein status within the body. The noteworthy elevation of TP may imply that the bioactive constituents present in UGAM aid in stimulating protein synthesis and metabolism. The ALB, predominantly synthesized in the liver, plays a pivotal role in the regulation of plasma osmotic pressure, maintenance of acid–base equilibrium, and facilitation of hormone transportation (Tothova et al., 2016). The ALP and GGT are markers for liver functionality, and abnormally elevated activities of these enzymes suggest potential liver impairment. Under the current experimental condition, the similar serum ALP and GGT activities between CON and UGAM treatments indicated that supplementation of UGAM at a daily dose of 10 g/head had no detrimental effect on the liver of weaned goats. The lack of differences in plasma indices between CON and UGAM treatments is in agreement with Zhong et al. (2012), who reported no effects of Astragalus polysaccharide and A. membranaceus root feeding on blood plasma metabolites such as blood urea N, high- and low-density lipoprotein–cholesterol, triglyceride, glucose, which are reflective of animal metabolism.



4.2 Effects on the ileal microbial community and functions

The gut microbiota assumes a substantial role in the host’s immune response and disease resistance. It contributes to intestinal health equilibrium through various mechanisms, including immune modulation, improved nutrient absorption, antimicrobial functions, and the preservation of intestinal barrier integrity (Ghosh et al., 2021). Several studies have demonstrated that A. membranaceus could regulate the gut microbiota of mice (Wang et al., 2023), broilers (Qiao et al., 2022), and pigs (Che et al., 2019) to maintain intestinal flora homeostasis and enhance intestinal health. In the current study, the CON and the UGAM groups had similar ileum microbial communities, suggesting that UGAM inclusion had little effect on modulating microbiota in the ileum of goats. Therefore, there were no significant differences in the major functions between the CON and UGAM treatments from the KEGG pathways at both level 1 and level 2. The failure to detect the effect of UGAM on ileal microbiota modulation is unclear. It may be speculated that some of the bioactive compounds in A. membranaceus were degraded in the rumen. It was reported that bio-activators, especially polysaccharides, in Chinese herbs and other plants could be degraded by ruminal microorganisms (Liu et al., 2015). In addition, the ultra-grinding that increases surface contact with microbial enzyme, could increase the ruminal degradation of bioactive compounds in A. membranaceus. It is consistent with our previous work that focused on the physic-chemistry properties of environmental factors on the physicochemical characteristics of the ruminal microbiota (Liu et al., 2017a,b). Although the ruminal microbial community was not measured, Zhong et al. (2012) reported an alteration of the rumen fermentation pattern with more propionate production by feeding Astragalus polysaccharide and A. membranaceus root, suggesting that bioactive compounds in A. membranaceus could alter ruminal microbiota.

In the present study, Firmicutes was the predominant phylum, succeeded by Verrucomicrobiota, Proteobacteria, and Bacteroidetes, which is consistent with the report by Jia et al. (2022) that Firmicutes, Actinobacteria, Verrucomicrobia, and Bacterioidetes constituted the predominant phyla in the goat ileum. Dietary supplementation of UGAM altered the taxonomic composition of ileal microbiota, with notable reductions in the relative abundances of Verrucomicrobiota at the phylum level and Mycoplasma at the genus level in the present study. The reduction in Verrucomicrobiota abundance could potentially impact the preservation of the intestinal mucosal barrier and immune regulatory functions (Bamola et al., 2017). The diminished presence of Mycoplasma may play a role in alleviating inflammation and adverse responses, consequently fostering intestinal well-being (Khadka et al., 2014). The LEfSe analysis further showed enriched genera of Oscillibacter and Mitsuokella in the UGAM treatment. Bacteria from the genus Oscillibacter are known as butyrate-producing bacteria (Shirvani-Rad et al., 2023), while bacteria from the genus Mitsuokella usually play a role in acetate production (Etxeberria et al., 2015). In agreement with the current study, Wang et al. (2023) reported that Bacillus subtilis-fermented A. membranaceus increased the abundance of butyrate-producing bacteria in the gut of hyperuricemic mice (Wang et al., 2023). Therefore, the enrichment of Oscillibacter and Mitsuokella in UGAM treatment would promote the production of short-chain fatty acids (SCFAs) in the hindgut of goat. It is widely accepted that SCFAs, especially butyrate, not only can maintain the stability and integrity of the epithelial barrier by regulating the expression of TJP such as claudin-1 and Zonula Occludens-1 (ZO-1), but also have anti-inflammatory activity by downregulating inflammatory cytokines such as IL-1β, IL-6, and IL-8 or exerting a direct anti-inflammatory effect (Shirvani-Rad et al., 2023). Moreover, Mitsuokella spp. is also a major bacterium fermenting protein in the small intestine (Duarte and Kim, 2022), and its enrichment in UGAM may improve the utilization of rumen by-pass protein. Dietary supplementation of A. membranaceus stems and leaves (Che et al., 2019) and polysaccharides derived from A. membranaceus polysaccharides (Qiao et al., 2022) also had beneficial effects on enhancing the relative abundances of Prevotella and Ruminococcus in weaned pigs and broilers. Therefore, Astragalus root powder has the potential to modulate the equilibrium of the intestinal microbiota and promote the health of the hindgut by enriching the beneficial bacteria.



4.3 Effects on the ileal immune and barrier functions

It has been reported that A. membranaceus root and extracts possess immunomodulatory properties, such as promoting the secretion of secretory immunoglobulin, and regulating the expression of cytokines in both serum and gut mucosa (Zhong et al., 2012; Che et al., 2019; Qiao et al., 2022). In the present study, the indices of immune organs, including thymus, spleen, and lymph nodes (jejunal, ileal, colonic), were not affected by the dietary inclusion of UGAM, which might be due to the short experimental period to differentiate the organ weight change between treatments. The gastrointestinal tract is considered as the largest immune organ in the body, and it ubiquitously expresses genes encoding proinflammatory factors that play a pivotal role in initiating immune and inflammatory responses. This is confirmed in the present study by the detected expression of immune-related genes, mainly cytokines (IL-1β, IL-6, IL-17, TNF-α, and TGF-β1) and factors involved in inflammatory signaling pathways (TLR4, NF-κB) in the ileal mucosa. The observed down-regulated expression of the IL-6 gene in the ileum of UGAM-supplemented goats is somewhat in agreement with other studies. Qiao et al. (2022) reported that feeding of polysaccharides derived from A. membranaceus decreased serum concentrations of IL-6 in broilers; Wang et al. (2023) found that Bacillus subtilis-fermented Astragalus membranaceus significantly attenuated the levels of inflammatory factors IL-6 in the kidneys of hyperuricemic mice. The IL-6 prompts leukocyte adhesion and initiates complement system activation, resulting in microcirculatory obstruction and tissue cell impairment (Roumenina et al., 2016). The IL-6 is induced often together with the proinflammatory cytokines TNF-α and IL-1, and circulating IL-6 plays an important role in the anti-inflammatory. The observed decreased expression of the IL-6 gene without treatment effect on other measured inflammatory factors suggests that supplementation of UGAM might have improved intestinal health and inflammatory response, and possibly inhibition of inflammation in the ileum of weaned goats.

The gut barrier, composed of an extracellular mucus layer and intestinal epithelial cells, plays an important role in protecting and maintaining gut health. Mucins secreted by goblet cells are an important component of the mucus layer, and act as the first line for the prevention of pathogen invasion (Grondin et al., 2020). Meanwhile, tight junctions of the small intestine act as the baseline for maintaining intestinal barrier integrity and ensuring normal barrier function (Zeisel et al., 2019). MUC-2 is involved in maintaining the thickness of the intestinal mucus layer, while the integral membrane proteins (such as occludin and claudins) and cytoplasmic plaque protein ZO-1 are the major components of tight junctions (Qiao et al., 2022). The effects of A. membranaceus root on the intestinal barrier function of ruminants have not been reported; meanwhile, dietary Astragalus membranaceus polysaccharides supplementation benefits the intestinal health of broilers by improving intestinal barrier function has been consistently reported. Wang et al. (2021) found that Astragalus membranaceus polysaccharides could elevate the mRNA expression of OCLN and ZO-1 and the number of goblet cells in the jejunum of broilers. Qiao et al. (2022) reported that dietary supplementation of Astragalus membranaceus polysaccharides remarkably upregulated OCLN, CLD1 and MUC2 mRNA expression in the duodenum, jejunum, and ileum of broilers. In the current study, the mRNA expression of MUC-2, OCLN, CLD1, TJP1, TJP2 and TJP3 in the ileum of goats were determined, with lower expressions of OCLN but greater expression of TJP3 observed in goats received UGAM. The lower expression of OCLN might lead to a thinner mucosal layer, whereas the greater expression of TJP3 would improve the tight junction of ileal epithelial. These results appeared to be contradictory, and there was no clear explanation of it.




5 Conclusion

Supplementation of UGAM in weaned goats’ diet exerts anti-inflammatory activity, enhances plasma protein metabolism status, and has no evidence of detrimental effects on the liver and other organs. More importantly, feeding ultra-grinded Astragalus root powder to weaned goats has the potential to modulate the equilibrium of the intestinal microbiota and promote the health of hindgut by enriching the beneficial bacteria, especially the butyrate-producing bacteria.
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Introduction: The ketone body β-hydroxybutyric acid (BHB) plays critical roles in cellular proliferation and metabolic fuel utilization; however, its effects on the rumen microbiota remain unknown.

Methods: Here, three doses of BHB (low, medium, and high) were supplemented to early-weaned goat kids.

Results: Compared with controls, the beneficial effects of BHB on growth and rumen development were observed in goats at 90 days of age (d). The low dose of dietary BHB increased the concentration of rumen acetate, propionate, and butyrate on d90. The sequencing results of the rumen microbiota revealed marked shifts in rumen microbial community structure after early-weaned goat kids consumed BHB for 2 months. The signature bacterial ASVs for each treatment were identified and were the main drivers contributing to microbial interactions in the rumen. The bacteria associated with rumen weight were also correlated with body weight. Some classified bacterial signatures, including Prevotella, Olsenella umbonate, and Roseburia faecis, were related to rumen volatile fatty acids and host development.

Conclusion: Overall, dietary BHB altered rumen microbiota and environments in young goats, which contributed to rumen development and growth.

KEYWORDS
β-hydroxybutyric acid, rumen microbiota, goats, growth, volatile fatty acids


Implications

Significant improvements in rumen volatile fatty acid biosynthesis and development were observed by BHB supplementation, resulting in increased animal growth. Using sequencing technology, this study confirmed that BHB supplementation altered rumen microbiota in a distinct manner, and BHB dose could act in different mechanisms to influence the microbiota. Dietary BHB could increase some specific bacteria and drive their interactions with other core microbiota. These abundant microbiotas and their metabolites improved the utilization efficiency of ketone bodies to improve rumen and host development. This study provides a landmark reference for the future use of BHB to improve animal growth performance.



Introduction

High-quality proteins from ruminants are one of the most essential sources of human consumption. In ruminants, the rumen, as the critical organ, converts the dietary plant materials into high-quality proteins through microbiome fermentation (Mizrahi et al., 2021). The fermented microbial products [i.e., volatile fatty acids (VFAs)] not only provide energy for the host but also are associated with the development of the rumen epithelium (Lin et al., 2019; Malmuthuge et al., 2019; Chai et al., 2021). A well-developed rumen in young ruminants associated with early colonization and development of the rumen microbial community is important and has long-term impacts on growth performance, nutrient utilization, and lifelong health (Wang et al., 2019; Zhuang et al., 2020). Therefore, understanding interactions between the rumen microbiota and ruminant host in early life is essential for the sustainable development of the livestock industry (Matthews et al., 2019; Morais and Mizrahi, 2019; Zhuang et al., 2023b).

The ketogenic capacity of the ruminal epithelium, one of the most important parameters, that represents the maturation of rumen functions, is important and less studied (Lv et al., 2019; Lin et al., 2020; Zhuang et al., 2020). Rumen VFAs could diffuse into rumen epithelial cells and are metabolized into ketones which provide energy and facilitate signals for the host gene transcription and the regulation of metabolism. The process in which acetyl-CoA from butyrate is converted to the ketone body (e.g., β-hydroxybutyric acid (BHB) and acetoacetic acid) is called ketogenesis (Abdelsattar et al., 2022a). BHB, the major ketones from the metabolism of VFA in rumen epithelium, might be the biomarkers for the maturation of rumen functions and microbiota as well as VFA utilization ability (Deelen et al., 2016). Beyond its role as an energy carrier, Cheng et al. found that BHB increased signaling to bolster self-renewing capabilities (i.e., proliferation and function) in mice intestinal stem cells (Cheng et al., 2019). Another study observed that BHB contributes to intestinal cell differentiation in mice (Wang et al., 2017). Our previous research also confirmed the positive effects of exogenous BHB on rumen and body weight in young goats (Abdelsattar et al., 2022a).

Dietary BHB may, in part, affect the gut microbiota and then benefit the host. A recent study found that supplementation of oral ketone esters (mainly composed of BHBA) significantly altered the gut microbiota in mice and humans, and BHB inhibited the growth of ex vivo fecal microbiota in a dose-dependent manner (Ang et al., 2020). Another in vitro study concluded that human colonic microbiotas could efficiently utilize BHB to increase butyrate production (Sasaki et al., 2020). However, to the best of our knowledge, there is no research that investigates the impacts of dietary BHB on the rumen microbiota in ruminants.

We hypothesized that BHB supplementation could partially act via the rumen microbiota and improve the rumen development and host growth. In this study, rumen microbiota from goat kids consuming different doses of BHB was sequenced, and the changes in rumen bacteria caused by BHB were identified. Our results provide a view of the mechanistic links between BHB, microbiota, and host physiology.



Materials and methods

In 2020, this study was carried out at an experimental base goat farm in Jiangsu, China. All experimental procedures were approved by the Animal Ethics Committee of the Chinese Academy of Agricultural Sciences (protocol number: AEC-CAAS-20200605; approval date: 3 June 2020).


Animals, treatments, and sampling collection

Sixty-four goat kids (5.14 ± 1.08 kg of body weight) were separated from their dams at 30 days of age and selected for this study. The kids were assigned to four treatments in a completely randomized design (eight replicates per treatment). The solid diet (starter) supplemented with 0 (control, C), 3 (low dose, L), 6 (medium dose, M), or 9 (high dose, H) g/d per animal; β-hydroxybutyric acid (BHB) was provided to the experimental goat kids from 30 to 90 days (d) of age. At d 90, blood samples were collected, and six goat kids from each treatment were slaughtered for the rumen sample collection, resulting in four groups, namely, C90, L90, M90, and H90.

The BHB was composed of BHB Na with a purity of 99% (Wuhan Huajiu Pharmaceutical Technology Co., Ltd., China). The animal trial lasted for 2 months. All the goat kids were housed separately in 32 covered pens (2 kids for each pen as one replicate) with a slatted floor (2 m2), feeders, and water buckets. The body weight was recorded at d30 and d90. The early-weaned kids were provided with a designed milk replacer from d30 to d60 (the feeding amount of milk replacer was based on 2% of body weight). During the trial, all animals had free access to a solid commercial starter. The chemical compositions of the diet are displayed in Supplementary Table S1. At the end of the trial, blood samples were collected into 10 ml vacutainer tubes without anticoagulants using the jugular venipuncture method. Then, they were centrifugated at 3,000 rpm for 10 min, and the supernatant serum was transferred to 1.5 ml Eppendorf tubes for BHB determination. Then, goat kids were slaughtered at the abattoir of the goat farm based on our previous methods (Chai et al., 2015). Approximately 10 ml of rumen content was sampled and stored at −80°C for the microbial sequencing. In total, 10 ml of rumen fluid was filtered via four layers of gauze and immediately frozen at −20°C for the analysis of rumen fermentation parameters and BHB.



Serum and rumen BHB determination

The biochemical analyses of BHB in goat serum samples were performed at the laboratory of Beijing Jinhai Keyu Biotechnology Development Co., Ltd., Beijing, China. In brief, the blood BHB concentrations were determined using an ELISA commercial kit (Beijing Jinhai Keyu Biotechnology Development Co., Ltd.), according to the manufacturer's instructions. During the trial, no cross-reactions were observed with other soluble structural analogs. All coefficients of variation for intra-assay and inter-assay were smaller than 10%. In addition, the assay sensitivity was 0.1 mmol/L for BHB.

The BHB concentration in the rumen was measured based on a previous method (Abdelsattar et al., 2022a). In brief, we used 1 ml of ice-cold methanol [80% v/v, 0.1% formic acid] to extract samples, and the subsequent step was homogenization. Then, after centrifugation, supernatants were dried in a vacuum and reconstituted in 100 ml of methanol (3% v/v). Quantitative analysis was performed on the LC-MS system controlled by Xcalibur 2.2 software (all from Thermo Fisher Scientific, Waltham, MA). Targeted analytes were measured and normalized by a 13C stable isotope-labeled internal standard (Cambridge Isotope Laboratories, Inc., Tewksbury, MA). Finally, the results were calculated based on a standard curve and its concentrations ranged from 0.1 mM to 50 mM.



Measurement of rumen VFAs

Regarding the measurements of VFA concentrations in the rumen, samples with metaphosphoric acid were thawed at room temperature and then centrifuged (12,000 × g for 15 min at 4°C). The supernatant was loaded into gas chromatography (GC) (Jiao et al., 2014). The GC used methyl valerate as the internal standard in an Agilent 6890 series GC equipped with a capillary column (HP-FFAP19095F-123, 30 m, 0.53 mm diameter, and 1 mm thickness, Agilent Technologies, Santa Clara, CA, USA).



Rumen microbial sequencing

The total genomic DNA of rumen content samples was extracted using a DNeasy PowerSoil Kit (Qiagen, Valencia, CA, USA), based on the manufacturer's recommendation. The DNA concentration and quality were determined using a Thermo NanoDrop 2000 UV microphotometer and 1% agarose gel electrophoresis. The genomic DNA was diluted to the optimal concentration and used as a template for PCR. The V3–V4 region of bacterial DNA was amplified using adaptor-linked universal primers (341F: CCTACGGGRSGCAGCAG; 806R GGACTACVVGGGTATCTAATC). Following the manufacturer's instructions for the KAPA HiFi Hotstart ReadyMix PCR Kit, PCR was performed to amplify DNA. Next, the AxyPrep DNA Gel Recovery Kit (AXYGEN Inc., Union City, CA, USA) was used to cut the gel and obtain the PCR products. To prevent reagent contamination, negative controls were included during the process of DNA extraction and PCR amplification, and no PCR products of the negative controls were observed from agarose gel. Then, all PCR products were mixed to make the sequencing library, and their quality was checked using both a Thermo NanoDrop 2000 UV spectrophotometer and 2% agarose gel electrophoresis. A Qubit 2.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA) was used to quantify the library. An Illumina Miseq PE250 platform (Realbio Technology Genomics Institute, Shanghai, China) was used to sequence the prepared amplicon library.



Bioinformatics and statistics

Raw sequencing data were processed using the QIIME2 platform (2021.4 release) (Bolyen et al., 2019). The Deblur integrated with QIIME2 was employed to process the demultiplexed sequences with the default parameter setting (Amir et al., 2017). The detailed steps contained paired read merging, barcode and length trimming, quality filtering, denoising (Deblur), bacterial classification (Greengenes reference database; 13–8 version; 99% similarity), and sequence clustering. Chimeric sequences and singletons were removed for downstream analysis based on the official pipeline, and amplicon sequence variants (ASVs) were clustered based on 100% identity. Then, the number of reads of all samples was rarefied based on the minimum depth to reduce the errors of sequencing depth on alpha (Shannon Index and Observed ASVs) and beta (Bray–Curtis and Jaccard) diversity measures. Analysis of similarity (ANOSIM) was used to test the differences in beta diversity in QIIME2. The sequencing data of the current study are available in the NCBI BioProject database with the BioProject ID PRJNA932733.

The body weight, serum and rumen BHB, and rumen fermentation parameters were displayed using boxplots made in R (v3.6.0) by the ‘ggplot2′ package. ANOVA tests were performed to test the significance after detecting homogeneity of variance. After checking the global test significance, a post-hoc analysis (Tukey's HSD test) was performed to estimate which groups of independent variables differ from the other groups.

Alpha diversity, including the Shannon Index and the number of observed ASVs, was analyzed for differences using the Wilcoxon rank-sum test in RStudio (RStudio Inc., Boston, MA). Based on the Bray–Curtis and Jaccard distances, beta diversity was visualized on the principal coordinate analysis (PCoA) plot. The stacked bar plot for microbial composition at the phylum and genus levels was drawn in R. Differentially represented bacterial ASVs between groups were identified using galaxy linear discriminant analysis (LDA) effect size (LEfSe) with default settings (e.g., LDA score > 2) (Segata et al., 2011).

Network analysis of bacterial interactions was performed. Using the R package “psych”, the Spearman correlations (r) among the core bacterial ASVs with an average abundance over 0.1% were calculated to reveal the correlation between rumen bacteria at the ASV level, with an absolute correlation coefficient over 0.6 and p-values smaller than 0.05. Then, Gephi software was used to visualize co-occurrence patterns of rumen bacteria (Girvan and Newman, 2002).

Regression-based Random Forest algorithm was used to select the rumen microbiota to predict the host phenotypes (i.e., body weight, rumen weight, and VFAs). The top 50 selected features were then analyzed by Pearson's correlation with those macro indicators, respectively.




Results


Dietary β-hydroxybutyric acid (BHB) improved growth and rumen environment in goat kids

At d90, significant increases in the body weight of goat kids by dietary BHB supplementation were observed in the L90 and H90 groups compared with controls (Figure 1A). The value of M90 body weight was higher than C90, but no statistical difference was observed. Interestingly, the body weight in M90 was lower than in L90. Similarly, increases in the rumen weight in L90 than in C90 were found (Supplemenatry Figure S1). The M90 and H90 had higher rumen weight compared with controls, while they were not significant. Then, we also observed that the levels of circulating and rumen content BHB were not different (Figures 1B, C). Next, rumen fermentation parameters were measured to illustrate the effect of dietary BHB on the rumen environment (Figures 1D–F). The low dose of BHB supplementation increased rumen acetate, propionate, and butyrate. L90 had a higher concentration of acetate than M90, while the concentration of propionate in L90 was more significant than in the other groups. At the same time, butyrate in L90 was higher compared with M90 and H90. Notably, there were no differences in rumen fermentation parameters among C90, M90, and H90.


[image: Figure 1]
FIGURE 1
 Dietary β-hydroxybutyric acid (BHB) improved growth and rumen environment in goat kids. Different levels of dietary BHB supplementation (low, medium, and high) increased body weight (A) in goat kids at 90 days of age but did not affect the concentration of BHB in serum (B) and rumen content (C) compared to the control group. The low dose of BHB supplementation increased rumen acetate (D), propionate (E), and butyrate (F). An ANOVA test was used for significance calculation after detecting homogeneity of variance. After the global test was significant, a post-hoc analysis (Tukey's HSD test) was performed to determine which group of the independent variable differed from each other group. Significant p-values were labeled over the bars. C90 = controls at 90 days of age; L90: low dose (3 g/d per animal BHB) at 90 days of age; M90: medium dose (6 g/d per animal BHB) at 90 days of age; H90: high dose (9 g/d per animal BHB) at 90 days of age.




Dietary β-hydroxybutyric acid altered the diversity and structure of the rumen microbiota in goat kids

A total of 101,022 high-quality reads at the single-nucleotide resolution were generated. After the rarefaction of sample reads to a minimum, 2,537 ASVs were included for downstream analysis of the rumen microbial community. Regarding alpha diversity, the Shannon index in L90 was significantly lower compared with C90, M90, and H90, which were not different (Figure 2A). The number of observed ASVs in L90 was lower than in H90 (Figure 2B). Regarding beta diversity measurements, significant clusters in community structure among four groups were detected (Figures 2C, D). Compared with C90, L90, M90, and H90 clustered separately based on Bray–Curtis (ANalysis Of SIMilarity (ANOSIM), R-value: C90–L90 = 0.17, C90–H90 = 1.00, and C90–H90 = 1.00, p < 0.05) and Jaccard distances (ANOSIM, R-value: C90-L90 = 0.19, C90-H90 = 1.00, and C90-H90 = 1.00, p < 0.05). Similarly, compared with L90, M90 and H90 showed distinct clusters based on both Bray–Curtis (ANOSIM, R-value: L90–M90 = 0.40, and L90–H90 = 0.37, p < 0.05) and Jaccard distances (ANOSIM, R-value: L90-M90 = 0.42, and L90–H90 = 0.42, p < 0.05). However, no different cluster between M90 and H90 was observed.
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FIGURE 2
 Dietary β-hydroxybutyric acid (BHB) altered alpha and beta diversity of the rumen microbiome in goat kids. (A, B): The Shannon Index and the number of observed ASVs of rumen microbiota. The line inside the box denotes the median, and the boxes denote the interquartile (IQR) between the first and third quartiles (25th and 75th percentiles, respectively). The significance among sampling time points calculated using the Wilcoxon rank-sum test was labeled. (C, D): Principal Coordination Analysis (PCoA) of Bray-Curtis and Jaccard distances for microbiota. Each point represents a unique sample. C90 = controls at 90 days of age; L90: low dose (3 g/d per animal BHB) at 90 days of age; M90: medium dose (6 g/d per animal BHB) at 90 days of age; H90: high dose (9 g/d per animal BHB) at 90 days of age.


At the phylum level, Bacteroidetes, Firmicutes, and Proteobacteria were dominant phyla across all samples accounting for 89% of the total sequences (Figure 3A). Although dietary BHB supplementation did not influence the relative abundance of Bacteroidetes, Firmicutes was lower in L90 (21.98%), M90 (28.28%), and H90 (24.90%) compared with C90 (30.02%). The abundance of Proteobacteria in M90 (10.88%) and H90 (14.90%) was lower than that in L90 (24.88%) and L90 (29.85%). At the genus level, Prevotella, Succinivibrio, S24.7 unclassified, and Ruminococcus were the dominant genera (Figure 3B). The abundance of Prevotella (C90: 30.42%, L90: 40.49%, M90: 31.92% and H90: 26.30%) was influenced by dietary BHB. A higher abundance of Succinivibrio in L90 (29.78%) was observed compared with C90 (12.73%), M90 (10.60%), and H90 (14.90%). Medium and high doses increased the relative abundance of Treponema and Olsenella. In addition, the relative abundance of the Selenomonas genus was increased in M90 (8.42%) but decreased in L90 (3.23%) and H90 (0.44%) compared with the control (5.54%).
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FIGURE 3
 Microbial compositions were associated with dietary β-hydroxybutyric acid (BHB). Stacked bar charts showed that different levels of dietary BHB supplementation (low, medium, and high) altered the rumen microbial composition at the phylum level (A) and the genus level (B) in 90-day-old goat kids. Each column represents one sample. C90 = controls at 90 days of age; L90: low dose (3 g/d per animal BHB) at 90 days of age; M90: medium dose (6 g/d per animal BHB) at 90 days of age; H90: high dose (9 g/d per animal BHB) at 90 days of age.




The signature rumen microbiota associated with dietary BHB supplementation

The bacterial ASVs distinguishing four different groups were classified using LEfSe analysis, and the relative abundance of these signature ASVs is visualized on a heatmap (Figure 4). Prevotella (ASV41, ASV58, and ASV99), Ruminobacter (ASV193), and Clostridium (ASV1284, ASV1986) were identified as the microbial signature for C90. Bacteria, including Prevotella (ASV12), Prevotella copri (ASV1242), Olsenella umbonata (ASV32), Roseburia faecis (ASV293), and Butyrivibrio (ASV1292), were enriched in L90. In the M90 group, Prevotella (ASV42), Selenomonas bovis (ASV111, ASV372, ASV384, ASV395, ASV423, and ASV573), and Megasphaera (ASV422) were over-represented. H90 had higher abundances of Prevotella (ASV60, ASV95), Succinivibrio (ASV382), Ruminococcus flavefaciens (ASV765), Ruminococcus (ASV911), Treponema (ASV767), and Fibrobacter succinogenes (ASV1284, ASV1986).
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FIGURE 4
 The bacterial ASVs identified by LEfSe analyses were associated with dietary β-hydroxybutyric acid (BHB). A heatmap depicting the signature ASVs for each group identified by the LEfSe algorithm was drawn. The heatmap shows the average relative abundances of ASVs on a log scale. The color of cells from blue to red corresponds to the relative abundance of ASVs from low to high. C90 = controls at 90 days of age; L90: low dose (3 g/d per animal BHB) at 90 days of age; M90: medium dose (6 g/d per animal BHB) at 90 days of age; H90: high dose (9 g/d per animal BHB) at 90 days of age.




Network analysis of the rumen microbial interactions

Rumen microbial interactions were determined using network analysis (Figure 5). We found that the abundance patterns of microbial associations responded to the levels of dietary BHB. Two modules were observed. One of the modules mainly consisted of the microbial signatures for C90 and L90, including Prevotella (ASV41, ASV58, and ASV99), Ruminobacter (ASV193), and Prevotella (ASV12), while another module contained the signature bacterial ASVs for M90 and H90, such as Prevotella (ASV42), Selenomonas bovis (ASV111, ASV372, ASV384, ASV395, ASV423, and ASV573), Megasphaera (ASV422), Prevotella (ASV60, ASV95), and Succinivibrio (ASV382). In addition, the levels of BHB also drove the changes in microbial interactions of the same module. For example, bacterial ASVs predicting M90 and H90 had more complex correlations within themselves. A similar pattern of bacterial ASV associations between L90 and C90 was also observed.
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FIGURE 5
 Co-occurrence patterns of rumen bacteria. Co-occurrence networks visualizing significant correlations (ρ > 0.6, p < 0.001; indicated with brown lines) between bacterial ASVs in the rumen community.




Rumen microbiota associated with host phenotypes

To understand how the changed rumen microbiota by BHB links to the host phenotypes, we next performed regression-based random forest using parameters of phenotypes (i.e., body weight, rumen weight, and VFAs) as the outcome and the rumen bacterial ASVs as predictors. The top 50 bacterial ASVs that predict host phenotypes are presented in Supplemenatry Figures S2, S3, and their Spearman correlations were also calculated (Supplemenatry Tables S2, S3). Among the top 50 predictors for body weight and rumen weight, 28 shared bacterial ASVs [i.e., Prevotella (ASV22, ASV34, and ASV99) and Olsenella umbonata (ASV32, ASV543, and ASV667)] were observed, indicating that improvement in rumen development by microbiota was strongly associated with growth performance of goat kids (Supplementary Figure S2). Moreover, Prevotella (ASV99), Olsenella umbonata (ASV32), and Roseburia faecis (ASV298) identified as signatures by LEfSe were listed. Notably, Olsenella umbonata (ASV32) was significantly and positively correlated with body and rumen weight (Supplementary Table S2).

Regarding the bacteria predicting rumen acetate, propionate, and butyrate, four common ASVs were found, including Prevotella (ASV34, ASV206, and ASV107) and Clostridiales (ASV1483) (Supplemenatry Figure S3). Specifically, more shared bacteria predicted both acetate and propionate, such as Olsenella umbonata (ASV32, ASV257), Prevotella (ASV22), Roseburia faecis (ASV75, ASV298), Succinivibrio (ASV14, ASV398), and Selenomonas bovis (ASV372). The relative abundances of ASV32, ASV298, ASV14, ASV22, and ASV206 were positively correlated with propionate (Supplementary Table S3). Succinivibrio (ASV1) and Prevotella (ASV40, ASV61, and ASV115) were classified to predict both propionate and butyrate.




Discussion

Exogenous ketones and ketone bodies could alter gut microbiota and host physiology (Ang et al., 2020). Most previous studies focus on the beneficial effects of β-hydroxybutyric acid (BHB) on the prevention or improvement of the symptoms of various diseases (Han et al., 2020). However, our recent study in ruminants confirmed that dietary BHB could improve growth performance (Abdelsattar et al., 2022a), which is also validated in this study. This study first determined the rumen microbiota changes that responded to dietary BHB supplementation. We found a significant alteration in the structure and composition of the rumen microbiota in young goats after 2 months of BHB feeding. The levels of exogenous BHB drove the keystone bacterial taxa and their interactions to affect the host phenotypes by influencing biosynthesis of the rumen VFAs in the low-dose BHB group. Our results revealed how BHB affects animal growth via modulation of rumen symbiotic microbiotas and their fermentation, which provide implications for the design of both diet and supplemental interventions in the post-antibiotic era.

BHB, also known as 3-hydroxybutyric acid, is an organic compound and a beta-hydroxy acid with the chemical formula CH3CHCH2CO2H (Achanta and Rae, 2017). Although BHB and butyrate are chemically similar and have the same functions, BHB is more potent in serving as an energy substrate for ATP generation directly (Cavaleri and Bashar, 2018). To determine the dose of BHB supplementation in young goats, our preliminary experiment (data not shown) was performed to confirm the supplementation level based on a previous human study (Kackley et al., 2020). In this study, we found that BHB improved the rumen development and growth of goat kids, which is in agreement with previous studies on butyrate supplementation (Cavini et al., 2015; Liu et al., 2021). However, we did not observe increases in rumen content and serum BHB concentration. Previous studies in humans and mice found that ketone bodies increased the blood and luminal BHB (Olson et al., 2018; Ang et al., 2020). This might be due to the specific anatomy of rumen epithelium that utilized more BHB or VFAs for its rapid development of the ketogenic capacity in young ruminants (Lane et al., 2002; Abdelsattar et al., 2022b; Wang et al., 2022). In the meantime, a low dose of BHB feeding increased rumen VFAs, including acetate, propionate, and butyrate, while medium and high doses affected them. A previous study confirmed that the addition of D-β-hydroxybutyrate increased butyrogenesis in the human fecal inoculum (Sasaki et al., 2020). Therefore, our results implemented that different concentrations of dietary BHB might affect rumen microbiota and host development in different mechanisms, which should be deeply investigated in future studies.

The low dose of dietary BHB decreased the diversity and richness of the rumen microbiota, although no significant effects of high and medium BHB supplementation were found. Greater concentrations of rumen VFAs and the weight of rumen in the low dose of BHB-feeding goats provided indirect evidence of the diversity changes. However, in our results, significant changes in the rumen microbial membership and structure by the three levels of BHB were observed in goat kids. Alpha diversity measures are the summary statistics of a single population (within-sample diversity), while beta diversity measures are estimates of similarity or dissimilarity between populations (between samples). Thus, the BHB supplementation could influence rumen microbial composition, and with its increasing supplementation dose, its effects on the rumen microbiome community were altered. Considering similar body weight was observed in our experimental groups, it is speculated that low-dose BHB in this study might influence growth performance via rumen microbiotas and its metabolites, while the addition of higher dietary might change the community via increasing or decreasing some bacteria to achieve the same host phenotype. BHB affecting the structure of gut microbiota in humans, sea cucumber Apostichopus japonicus, rainbow trout, Siberian sturgeon, and soiny mullet was reported (Najdegerami et al., 2012; Qiao et al., 2019; Sasaki et al., 2020; Liu et al., 2022). Ang et al. (2020) observed that BHB influenced some gut microbiotas in a dose-dependent manner. Moreover, a more significant proportion of excess BHB supplementation may diffuse into the rumen epithelium directly and may be used as energy or a signaling molecule later. Future studies need to deeply characterize the mechanisms of BHB affecting the host development and identify which dose of BHB will have the optimal contribution to a rumen microbial change basis.

Rumen microbiota converts dietary nutrients into VFAs for the maintenance and growth of the host (Zhao et al., 2023). Microbial changes at early life stages have a long-term impact on the rumen ecosystem (Meale et al., 2021). Measurement of BHB impacting early rumen microbiota has beneficial effects on livestock production. An increase of Prevotella in the low-dose BHB group was found compared with other groups, which corresponds to the high concentrations of VFAs. Moreover, significant ASV level differences in abundance and dynamics in this genus were identified as signatures for different levels of BHB. For example, Prevotella (ASV41, ASV58, and ASV99) was greater in controls, while other ASVs associated with Prevotella were enriched in the BHB groups such as ASV12, ASV42, and ASV60, with high abundance in low, medium, and high doses of BHB, respectively. Prevotella, a well-known degrader of starch, β glycans, protein, pectin, and hemicellulose, allows its ability to dominate in the rumen under a range of diets since it can use a variety of substrates (Golder et al., 2014). Hence, different ASVs associated with the levels of BHB presented the changes in rumen microbial structure. In addition, some other bacteria were influenced by BHB supplementation. The abundance of Olsenella was also increased when low-dose BHB was supplemented with goat kids. Olsenella ferments starch and glycogen substrates and produces lactic acid, acetic acid, and formic acid (Mcloughlin et al., 2020), indicating that this bacterium was also affected by BHB. Moreover, we observed that low-dose BHB increased the abundance of Succinivibrio. Rumen Succinivibrio produces succinate which can be decarboxylated to form acetate, propionate, and butyrate (Hespell, 1992; Iqbal et al., 2018). It reflected that high rumen VFAs in the low-dose BHB group were found in this study. Several ASVs relative to Selenomonas bovis were over-represented in the medium-dose BHB group. Selenomonas can convert succinate into propionate via the succinate pathway and is sensitive to the ratio of glucogenic to lipogenic nutrients in the diet (Hua et al., 2021). The genus Treponema was improved by the medium and high doses of BHB. Treponema spp. are a commonly detected bacterial group in the rumen involved in the degradation of soluble fibers and are associated with fatty acid (β-hydroxybutyrate) biosynthesis (Tucci and Martin, 2007; Bekele et al., 2011). Overall, BHB could alter the rumen microbiota, and the dose of BHB could act in different mechanisms to influence the rumen microbiota in young goats.

The fermented products from the gut microbiota directly contribute to the nutrient supply and development of the host (Deng et al., 2023). Modulating the rumen microbiota to improve growth in animals has become a practical approach (Chai et al., 2021). Understanding the correlation between the rumen microbiota and the host phenotype allows us to identify the mechanisms of host–microbe interaction. In our study, we identified the top bacterial taxa that are most positively related to body and rumen weight at 90 days of age. ASV32 associated with Olsenella umbonata was positively correlated with both body and rumen weight. Of note, ASV32 was also a signature for the low-dose BHB group and had a positive correlation with rumen propionate concentration. The members of the genus Olsenella that ferment carbohydrates predominantly to lactic acid had greater abundance in the gut microbiota of calves consuming high doses of Macleaya cordata extract (Stepanchenko, 2021). A study found that the abundance of Olsenella in the gut of swine fed a diet supplemented with resistant potato starch was associated with butyrate, caproate, and succinate (Trachsel et al., 2022). Moreover, Olsenella was found to be associated with medium-chain fatty acid production (Scarborough et al., 2018). Olsenella umbonata was found to have the ability to produce 4-methyl phenol (p-cresol) from p-hydroxyphenylacetate (Li et al., 2015). Another bacterium, Roseburia faecis (ASV298), was also positively correlated with propionate, rumen weight, and body weight. Gut Roseburia spp. are a part of commensal bacteria, producing short-chain fatty acids, especially butyrate, and affecting colonic motility, immunity maintenance, and anti-inflammatory properties (Tamanai-Shacoori et al., 2017). Several colonic Roseburia species in humans could actively metabolize linoleic acid, forming either vaccenic acid or hydroxyl-18:1 fatty acid (Devillard et al., 2007). Therefore, BHB supplementation could affect some core bacteria, and these abundant microbiotas influence ketone body production in the rumen and host development. However, considering no differences in rumen BHB between groups, these ketone bodies might have an alternative way to be utilized by ruminants.

Investigation of the tipping points of dietary BHB dose is critical to obtain the best animal performance and decrease the feeding cost. In this study, low-dose BHB (3 g/day per animal) showed the best rumen fermentation and growth performance, although serum and rumen BHB were unaffected. Moreover, low-dose BHB significantly altered the rumen microbial composition and structure in spite of the greater alteration found in the medium- and high-dose BHB groups. Additionally, our additional study also confirmed positive effects of low dose BHB in rumen papilla development and epithelial gene expression and metabolites, which supplements our findings in this study (Zhuang et al., 2023a). Overall, our results show that partial induction of biosynthesis of rumen VFAs is sufficient to alter the gut microbiota and improve animal development despite the continued intake of BHB, providing support for the importance of ketone bodies in young ruminants. Future studies should deeply investigate the optimal levels of dietary BHB supplementation.



Conclusion

In conclusion, our study revealed that dietary β-hydroxybutyric acid (BHB) improved growth and rumen environment in goat kids through modulation of the structure and composition of the rumen microbiota. Enhancement of rumen VFA biosynthesis using the low dose of BHB supplementation was confirmed. Different levels of dietary BHB drove the specific rumen bacteria and subsequently influenced the interactions of the keystone taxa, resulting in the alteration of the rumen microbial composition. Taken together, dietary BHB could, in part, alter the rumen microbiota to improve the growth and development of young ruminants. Our study offers a new feed additive to enhance ruminant growth and health in the post-antibiotic era. Furthermore, future studies should determine the optimal dose of BHB supplementation in young ruminants.
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The rumen serves as a complex ecosystem, harboring diverse microbial communities that play crucial ecological roles. Because previous studies have predominantly focused on anaerobic microorganisms, limited attention has been given to aerobic microorganisms in the goat rumen. This study aims to explore the diversity of aerobic microorganisms in the rumen and understand their niche and ecological roles. Rumen fluid samples were collected from 6 goats at different time points post-morning feeding. pH, NH3-N, and volatile fatty acid (TVFA) concentrations were measured, while In vitro cultivation of aerobic microorganisms was performed using PDA medium. Internal Transcribed Spacer (ITS) and 16S sequencing unveiled microbial diversity within the rumen fluid samples. Evidence of obligate aerobic microorganisms in the goat rumen suggests their potential contribution to ecological functionalities. Significantly, certain aerobic microorganisms exhibited correlations with TVFA levels, implying their involvement in TVFA metabolism. This study provides evidence of the existence and potential ecological roles of obligate aerobic microorganisms in the goat rumen. The findings underscore the significance of comprehensively deciphering goat rumen microbial communities and their interactions, with aerobes regarded as permanent residents rather than transients. These insights form a solid foundation for advancing our understanding of the intricate interplay between goat and their aerobic microorganisms in the rumen.
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1 Introduction

The rumen is a complex microbial ecosystem that harbors a diverse array of microorganisms, establishing an intricate mutualistic system with animals (Wallace et al., 2019; Wilkinson et al., 2020; Peng et al., 2021; Ramos et al., 2022). The microbial population within the rumen plays a crucial role in converting plant material of relatively low nutritional value into vital compounds readily absorbed by the host animal (Shabat et al., 2016; Wallace et al., 2019; Aggarwala et al., 2021). Both physiologists and nutritionists recognize the pivotal role of rumen microorganisms in digesting fibrous feed and providing essential nutrients to the host animal (Church, 1993; Lam et al., 2018; Li et al., 2019; Wallace et al., 2019). Studies have also demonstrated that the rumen microbiota in ruminants may be affected by multiple factors such as host variety or species (Guan et al., 2008; Henderson et al., 2015; Li et al., 2019).

While the rumen is primarily characterized as an anaerobic environment (Wilkinson et al., 2020), it is not strictly obligate as trace amounts of oxygen enter during feeding and regurgitation. Consequently, aerobic microorganisms have the potential to survive within this ecosystem. It is precisely because of the rumen’s apparent “anaerobic nature,” that previous research has predominantly focused on anaerobic microorganisms. However, there have been studies detecting the presence of aerobic microorganisms in the rumen of different ruminant species (Fonty et al., 1987; MINATO et al., 1992). Early studies identified the presence of spores and hyphae of obligate aerobic fungi in the rumen through morphological examination. The specific role of these obligate aerobic fungi was unclear due to the limited research methods available at that time. At the same time, researchers also reported the rapid colonization of aerobic and facultative anaerobic microbial groups in the rumen of newborn ruminants (Jami et al., 2013).

Furthermore, sequencing studies have identified the presence of some aerobic microorganisms in the rumen. In 2012, Patrícia et al. discovered a significant presence of Aspergillus in the rumen (Almeida et al., 2012). In 2020, Elnaz et al. detected aerobic fungi in the rumen using ITS sequencing (Azad et al., 2020). In the same year, Xing et al. detected Fusarium and Aspergillus in rumen fluid (Xing et al., 2020). R.F. Neto’s study in 2020 indicated the presence of Trichoderma in the rumen and emphasized its ability to survive (Fabino Neto et al., 2020). In 2022, our research group detected aerobic fungi in the rumen of buffaloes (Wang et al., 2022). Researchers speculate that these fungi may represent opportunistic populations residing in feed and other substrates and may not directly participate in rumen fermentation or their specific role remains unknown.

This study was premised on the existence of aerobic microorganisms in the goat rumen, which are capable of surviving until the subsequent feeding and rumination of ruminants. Considering this premise, we investigated the microbial diversity of the goat rumen at various time points. If aerobic microorganisms within the rumen undergo multiplication and growth in this relatively anaerobic environment, it may necessitate a reevaluation of the composition of rumen microorganisms. This observation challenges the notion that aerobic microorganisms in the goat rumen are merely “transient microorganisms” and emphasizes their role as “resident microorganisms.”



2 Materials and methods


2.1 Experimental animals and experimental design

Test animals were six female Nubian black goats that had never been pregnant. (Average body weight: 30 ± 0.5 kg. 6 months old). Rumen fluid samples were collected on day 30 during the sampling period between 2, 4, 8, and 0 (14) hours after the morning feeding was delivered to goats. Rumen fluid was extracted via the mouth using a stomach tube with a rumen vacuum sampler at the corresponding point in time.

Roughage was king grass and was supplemented with cornmeal 0.1 kg per goat per day. The experimental animals were fed twice a day at 8:00 a.m., and 6 p.m.



2.2 Chemical analysis

Samples of roughage grass were ground in a mill to pass a 1-mm screen and analyzed for ether dry matter (DM), neutral detergent fiber (NDF), acid detergent fiber (ADF), crude ash (Ash), crude protein (CP), ether extract (EE), calcium (Ca), phosphorus (P) (Licitra et al., 1996; al-Suwaiegh et al., 2002).

Rumen fluid PH was measured in time by PHS-3C pH meter after rumen fluid collection. The acidity meter was preheated and calibrated half an hour before the formal determination. The phenol-hypochlorous acid colorimetric method was used to measure NH3-N. Rumen fluid after centrifugation at 12000 g for 20 min, 40 mL of the supernatant was added to 2.5 mL of phenol chromogenic agent and 2.0 mL of sodium hypochlorite reagent, respectively. After that, the supernatant was thoroughly mixed by shaking and placed in a 37°C water bath for 30 min. With a visible spectrophotometer at 550 nm, the supernatant was analyzed colorimetrically. Standard curves were drawn by NH4Cl standard solution (y = 0.1613x + 0.1039 R2 = 0.9063). NH3-N concentration was calculated based on colorimetric results and standard curves. The extraction of volatile fatty acids involved diluting the rumen fluid sample with ddH2O, adding 15% phosphoric acid, isohexanoic acid, and diethyl ether homogenate before centrifugation. Chromatographic determinations were carried out using an Agilent HP- INNOWAX Capillary column (30 m*0.25 mm ID*0.25 mm) (Wang et al., 2023).



2.3 Microbial culture

Rumen fluid collected before feeding was used for inoculation culture, specifically 0 h post-feeding (14 h after the previous feeding). The whole microbial culture was done by PDA medium without the addition of drugs. After inoculation under aseptic conditions, the petri dishes were placed in a conventional incubator at 25 degrees Celsius for 7 days. Microorganisms coenobium were observed microscopically after coating the plates.



2.4 Amplification and sequencing

DNA extraction: Cell lysis of rumen fluid was achieved by beading in the presence of 4% (w/v) sodium dodecyl sulfate (SDS), 500 mM NaCl, and 50 m EDTA. The buffer acts to protect the released DNA from degradation by DNase, which is very active in rumen fluid samples. After beading, impurities and SDS were removed by ammonium acetate precipitation, and nucleic acid was removed by isopropanol precipitation. Zymo Research BIOMICS DNA Microprep Kit was used for sample gDNA purification (Wanapat and Cherdthong, 2009; Kuczynski et al., 2011).

Additive sequencing with Illumina sequencing technology was used in the experiment. The 16S rRNA of prokaryotes, the ITS gene of fungi, or specific functional genes can be used in taxonomic identification (Ekelund et al., 2006). The following universal primers were applied for the amplification of the V4 region of the 16S rRNA gene. Primer5’-3′: 515F (5’-GTGYCAGCMGCCGCGGTAA-3′) and 806R(5‘-GGACTACHVGGGTWTCTAAT-3′). The conditions of the real-time PCR assays were as follows: for 16S rRNA: 1 min at 94°C for initial denaturation (1 cycle), 20 s at 94°C for denaturation, 30 s at 54°C for annealing, and 30 s at 72°C for extension (30 cycles), and a final extension period of 10 min at 72°C. Three separate PCRs for each sample were pooled for processing.

The following universal primers were applied for the amplification of the ITS3 region of the ITS gene. Primer5`-3`: ITS3 (5`-GATGAAGAACGYAGYRAA-3`) and ITS4(5`-TCCTCCGCTTATTGATATGC-3`). The PCR protocol comprised an initial denaturation at 94°C for 1 min, followed by a denaturation step at 94°C for 20 s, annealing at 50°C for 30 s, and extension at 72°C for 30s for 25–30 cycles. The protocol concluded with a final extension step at 72°C for 5 min, followed by holding at 4°C. Three independent PCR replicates were performed for each sample, and the PCR products in the linear phase of amplification were pooled in equal amounts and used for subsequent library construction.

Libraries were constructed using NEBNext Ultra II DNA Library Prep Kit for Illumina from NEW ENGLAND BioLabs. PE250 was used for high-throughput sequencing, and the sequencing Kit was Illumina Hiseq Rapid SBS Kit v2(FC-402-4023 500 Cycle).



2.5 Data analysis

The original offline data obtained by sequencing were spliced and filtered to obtain high-quality target sequences for subsequent analysis. Subsequent operation of bioinformatics research (http://www.drive5.com/usearch) and QIIME completed, such as statistics and drawing mainly using R, Python, and Java (Brown et al., 2015).

Data quality control: Splice a two-ended sequence using FLASH. Each sample sequence was isolated from raw reads based on the barcode, and the barcode sequence was truncated. Then use QIIME for quality control. Filter out sequences with an average mass of less than 25. The sequence length of less than 200 bp was removed. The sequence with more than 2 fuzzy bases (N) was removed. The Uchime algorithm and gold database were used to remove chimeras, and effective data Effective Tag was obtained. Community composition analysis: R language was used for various data conversions and ggplot2 package mapping.

Difference species analysis: LefSe analysis using LefSe tools (https://bitbucket.org/biobakery/biobakery/wiki/Home). randomForest package using R language is used for random forest analysis. Metastas analysis using R language script, calculation steps (https://journals.plos.org/ploscompbiol/article?id=10.1371/journal.pcbi.1000352) for reference.

Community function prediction: Cluster and annotate the sequencing data of the 16S rRNA and ITS gene based on the SILVA database, and linearly transform the calculated results based on the pre-calculated correlation matrix to obtain the microbial classification spectrum based on the KEGG database. The results were corrected according to the copy number of the 16S rRNA and ITS gene in the genome of different bacteria/ fungi in NCBI. The classification information was linearly predicted based on the functional gene profiles of microorganisms in the KEGG database.

Excel was used to organize the test data, and SPSS 22.0 and Origin 2021 were used to conduct variance analysis, unary linear regression analysis, correlation analysis between variables, curve regression analysis, and Duncan’s multiple comparison test. Some software and database version information: QIIME v1.9.0, Usearch 10.0.240, R language: 3.6.0, Python: 3.7.4, SILVA database: 132. The results were expressed as mean ± standard deviation. p < 0.05 was used as the difference significance criterion, and p < 0.01 was used as the criterion of extremely significant difference. Records will be accessible with the following link after the indicated release date: http://www.ncbi.nlm.nih.gov/bioproject/996308. BioProject ID: PRJNA996308. http://www.ncbi.nlm.nih.gov/bioproject/997758. BioProject ID: PRJNA997758.




3 Results


3.1 The internal environment of the goat rumen

Based on the data presented in Figures 1A,B, observations of goat rumen fluid pH and NH3-N concentration levels revealed a decreasing-then-increasing trend following cessation of feeding. This pattern was consistently observed for both characteristics, with pH recording higher levels at 2 and 14 h after morning feeding, as well as lower levels at 4 and 8 h.

[image: Figure 1]

FIGURE 1
 The internal environment of the goat rumen changes with time after feeding. Note: (A) Rumen fluid pH changes with time after feeding. (B) NH3-N concentration changes with time after feeding. (C) The reproducibility of quality control (QC) samples. (D) Principal component analysis of volatile fatty acids. (E) Total volatile fatty acid (TVFA) concentration with time after feeding. (F) Concentration levels of butyric acid with time after feeding. (G) Concentration levels of valeric acid with time after feeding. (H) Concentration levels of caproic acid with time after feeding. (I) Correlation heat maps of volatile fatty acids with different time points. (J) KEGG metabolite molecular network diagram.


Similarly, NH3-N concentration registered a significantly elevated level at the 8 and, 14 h marks following feeding while remaining decreased after 2 and 4 h. This consistent relationship mirrors the impact that NH3-N has on altering the acidity levels of rumen fluid. Additionally, Figure 1B also illustrated a correlation between rumen fluid acidity and NH3-N concentration to some degree.

The reproducibility of quality control (QC) samples is often assessed using the relative standard deviation (RSD), with a requirement for RSD values to be below 15%. Figure 1C presents data that consistently yields RSD values below 2.6%, which is significantly lower than the required threshold. These findings demonstrate a high level of reproducibility and accuracy in the experimental data obtained.

As shown in Figure 1D, the results of the principal component analysis of volatile fatty acids showed that the first principal component accounts for 63.2% of the variance, with the second principal component explaining an additional 17.7% of the total variability.

As shown in Figure 1E, the concentration of total volatile fatty acids (TVFA) reached its peak at 8 h after morning feeding and was lowest at 14 h. As shown in Figures 1F–H. The concentrations of butyric and caproic acid initially increased and then decreased with the duration of morning feeding time, reaching their highest point at 8 h. Figure 1I, Heatmap analysis revealed a decrease in the concentrations of propionic, valeric, acetic, and caproic acid with increasing duration of morning feeding time. As shown in Figure 1J, acetic acid plays a primary role in carbohydrate digestion, absorption, propanoate metabolism, and associated metabolic pathways.



3.2 In vitro culture of goat rumen microorganisms

Rumen fluid collected before feeding was used for inoculation culture, specifically 0 h post-feeding (14 h after the previous feeding), using solid media for culture under aerobic conditions. The experimental findings are visually presented in Figure 2A, clearly demonstrating a substantial proliferation of colonies on the media following a 7-day incubation period.
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FIGURE 2
 Goat rumen microorganisms were cultured in vitro under normal air conditions. Note: (A) Images of Petri dishes were obtained 7 days after inoculation of rumen fluid for aerobic culture. (B) Fungal structures suspected to be Candida were under a microscope at 400 magnification. (C) Fungal structures suspected to be Mucorales were under a microscope at 400 magnification. (D,E) Fungal structures suspected to be Aspergillus under a microscope at 400 magnification.


Microscopic observations revealed the presence of a considerable number of spores and hyphae (Figure 2B). The most frequently observed fungal structures under microscopic examination resembled Candida, suggesting the presence of yeast-like fungi (Figure 2B). Additionally, examination revealed fungal structures resembling mold-like mucor (Figure 2C). Furthermore, examination under the microscope identified fungal structures resembling Aspergillus species (Figures 2D,E). It is worth noting that the predominance of these three fungal structures could be attributed to limitations imposed by in vitro culture conditions. Of particular interest is the fact that the genus Aspergillus is obligate aerobes.



3.3 Bacterial diversity in the goat rumen

Based on the results depicted in Figure 3A, it was observed that the increase in the number of samples did not lead to a subsequent increase in OUT abundance. Figure 3B displayed higher chao1 values for the h4 group compared to the other groups, with h8, h0, and h2 following in ascending order. The principal component analysis conducted in Figure 3C highlighted that PC1 explained 87.8% of the variances observed.

[image: Figure 3]

FIGURE 3
 Bacterial diversity in the goat rumen fluid at different points in time. Note: (A) Rank abundance curve, (B) The α diversity of bacteria, (C) Principal component analysis. (D) Bacterial composition of relative abundance of phylum level in rumen fluid at different points in time. (E) Bacterial composition of relative abundance of genera level in rumen fluid at different points in time. (F) Correlation of bacterial composition with time after ingestion. (G) Bacterial communities with significant differences at different points in time. (H) Methyl ketone biosynthesis shows that the main bacteria groups.


As observed in Figures 3D,E, the relative abundance of Bacteroidetes gradually decreased over time following a meal. In contrast, the relative abundance of Firmicutes initially increased and then declined, reaching its peak 8 h after morning feeding. The relative abundance of Prevotella exhibited a gradual decrease with increasing time after morning feeding. Similarly, the relative abundances of Butyrivibrio, Selenomonas, and Lachnoclostridium showed a rising-then-declining trend over time, reaching their highest levels 8 h after morning feeding. Conversely, the relative abundance of Fretibacterium increased gradually with time following morning feeding.

As depicted in Figure 3F, the relative abundance of rumen bacteria at both phylum and genus levels exhibited regular changes with increasing time after morning feeding.

Figure 3G highlights significant differences in bacterial communities at four-time points. These differences include f_Lachnospiraceae, g_Butyrivibrio, g_Pseudobutyrivibrio, g_Bacteroides, f_Lactobacillaceae, g_Lactobacillus, f_Muribaculaceae, g_Muribaculum, g_Veillonella, g_Fusobacterium, c_Fusobacteria, o_Rhodocyclales, o_Fusobacteriales, p_Fusobacteria, g_Haemophilus, c_Alphaproteobacteria, f_Coxiellaceae, o_Legionellales, f_Neisseriaceae, o_Neisseriales, and g_Chryseobacterium, g_Moraxella.

In Figure 3H, the synthesis of methyl ketones reveals that Corynebacterium and Dietzia were the main bacterial groups observed 2 h after a meal. At 4 h after eating, the main groups were Corynebacterium, Gordonia, and Flavobacterium. After 8 h of morning feeding, the main bacterial groups were Corynebacterium, Saccharomonospora, Nocardiopsis, and other unclassified species. Flavobacterium, Corynebacterium, Nocardiopsis, Rhodococcus, and other unclassified species were the main bacterial groups observed immediately (0 h) after morning feeding.

Overall, the relative abundance of rumen bacteria consistently exhibited patterns of increase or decrease over time following feeding. While the majority of the identified bacteria were anaerobic, some aerobic bacteria, such as Flavobacterium, Nocardiopsis, and Moraxella, were also detected within the rumen microbiome.



3.4 Fungi diversity in the goat rumen

Based on the results presented in Figures 4A,B, as the number of samples increased, the number of species identified also steadily rose. However, the rate of increase began to level off once the sample size reached 24. Additionally, the principal component analysis revealed that PC1 accounted for 35% of the variance, with the h0 group appearing clustered in the upper right quadrant.
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FIGURE 4
 Fungi composition and differences in the goat rumen fluid. Note: (A) Rank abundance curve, (B) Principal component analysis, (C) The α diversity of bacteria, (D) Venn diagram showing numbers of taxonomic assignments, (E) Fungi composition of relative abundance of phylum level in rumen fluid at different points in time, (F) Fungi composition of relative abundance of genera level in rumen fluid at different points in time, (G) Correlation of Bacterial composition with time after ingestion, (H) The branching diagram of differential species.


Figure 4C shows that both Chao1 and observed species counts were significantly higher in group h4 compared to other groups. Moreover, the Simpson and Shannon indices showed the highest values in group h4, followed by group h8, indicating a greater diversity of microbial species in h4 than in the other groups.

Figure 4D illustrates that the Venn diagram depicted specific OUT groups, whereby group h2 had 100 species unique to it, while groups h0, h4, and h8 had 84, 169, and 132 unique species, respectively.

Moreover, the fungal composition within the goat rumen environment, as shown in Figure 4E, primarily belonged to the Ascomycota, Basidiomycota, Chytridiomycota, and Mucoromycota phyla. Interestingly, their relative abundance patterns exhibited variations after the morning feeding time. The relative abundance of Ascomycota initially increased before decreasing, whereas the relative abundances of Basidiomycota and Chytridiomycota decreased before ultimately increasing as the morning feeding time lengthened.

As shown in Figure 4F, the goat rumen fungi mainly consist of Aspergillus, Aureobasidium, Penicillium, Candida, Fusarium, arocladium, Nigrospora, Paraconiothyrium, Talaromyces, Strelitziana, Cladosporium, Claviceps, Wallemia, Caecomyces, Filobasidium, Papiliotrema, Meyerozyma, Neocallimastix, Pithomyces, Clavispora in genus level. By examining Figures 5E–G together, it becomes evident that the time after morning feeding influences the relative abundance of various bacterial communities in different patterns.
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FIGURE 5
 The relative abundance of the four fungi changed with the extension of time after morning feeding.


The branching diagram of differential species, as presented in Figure 4H, highlights that several fungal taxa showed significant differences at different time points. These included c_Dothideomycetes, c_Eurotiomycetes, c_Mortierellomycetes, o_Capnodiales, o_Dothideales, o_Filobasidiales, o_Morierellales, f_Dictyosporiaceae, f_Hypocreaceae, f_Ophiocordycipitaceae, t_Cladosporiaceae, f_Mycospharellaceae, f_Saccotheciaceae, f_Astrosphaerillaceae, f_Sporormiaceae, f_Strelitziana, f_Filobasidiaceae, f_Mortierellaceae, g_Dothiorella, g_Cladosporium, g_Cercospora, g_Aureobasidium, g_Pithomyces, g_Didymella, g_Spegazzinia, g_Preussia, g_Strelitziana, g_Penicillium, g_Clonostachys, g_Filobasidium, g_Vishniacozyma, g_Moesziomyces, g_Ustilago, g_Neocallimastix, g_Orpinomyces, and g_Mortierella.



3.5 Correlation between volatile fatty acids and goat rumen microorganisms

Figure 6A reflected that the bacterial phyla significantly associated with volatile fatty acids in the goat rumen included Fusobacteria, Fibrobacteres, Synergistetes, Bacteroidetes, Actinobacteria, Firmicutes, Planctomycetes, Spirochaetes, and Tenericutes. Similarly, Figure 6B demonstrated that Ascomycota, Chytridiomycota, and Basidiomycota were the fungal phyla significantly correlated with volatile fatty acids in the goat rumen.
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FIGURE 6
 Correlation between volatile fatty acids and goat rumen microorganisms. Note: (A) The phylum level of bacteria was correlated with VFA. (B) The phylum level of fungi was correlated with VFA. (C) The genus level of bacteria was correlated with VFA. (D) The genus level of fungi was correlated with VFA.


Figure 6C illustrated that 63 bacterial genera significantly correlated to volatile fatty acids in the goat rumen included Pyramidobacter, Herbaspirillum, Anaerovorax, Anaerovibrio, Erysipelothrix, Anaerotruncus, Paenisporosarcina, Paeniclostridium, Acetobacter, Lysobacter, Prevotella, Oscillibacter, Butyricicoccus, Mycoplasma, Erysipelatoclostridium, Aeromonas, Fusicatenibacter, Leucobacter, Succinivibrio, Paracoccus, Treponema, Saccharofermentans, Mogibacterium, Blautia, Lachnoclostridium, Phascolarctobacterium, Butyrivibrio, Clostridium, Olsenella, Solobacterium, Eggerthella, Ureibacillus, Pseudochrobactrum, Syntrophococcus, Butyricimonas, Enterobacter, Lysinibacillus, Mageeibacillus, Ruminococcus, Flavonifractor, Selenomonas, Enorma, Phyllobacterium, Turicibacter, Ruminiclostridium, Psychrobacter, Anaeroplasma, Neisseria, Fretibacterium, Unclassified, Fibrobacter, Salmonella, Slackia, Actinomadura, Saccharomonospora, Pseudoxanthomonas, Faecalicatena, Advenella, Mitsuokella, Acinetobacter, Rothia, Anaerofustis, and Chryseobacterium. It is noteworthy that some of these bacteria genera are strictly aerobic or facultatively anaerobic.

Figure 6D revealed that there were 59 fungal genera that significantly to volatile fatty acids in the goat rumen including Pecoramyces, Cyberlindnera, Debaryomyces, Meyerozyma, Candida, Wallemia, Apodus, Ganoderma, Sebacina, Fusariella, Poaceascoma, Pseudogymnoascus, Chaetosphaeronema, Podospora, Subulicystidium, Microdochium, Solicoccozyma, Acanthostigma, Neoascochyta, Lophiostoma, Acremonium, Chaetomium, Curvularia, Ophiocordyceps, Aspergillus, Myrmecridium, Fusarium, Talaromyces, Claviceps, Pyrenochaetopsis, Crepidotus, Lycoperdon, Geastrum, Colletotrichum, Kodamaea, Ogataea, Puccinia, Sympodiomycopsis, Orpinomyces, Paraconiothyrium, Pichia, Sporisorium, Cytospora, Purpureocillium, Setophoma, Rhizophagus, Hanseniaspora, Trichosporon, Entrophospora, Dioszegia, Trichoderma, Penicillium, Naganishia, Filobasidium, Aureobasidium, Paraphoma, Strelitziana, Torula, and Vishniacozyma.

Importantly, some aeromicrobes such as Chryseobacterium, Leucobacter, Psychrobacter, Pseudoxanthomonas, Rothia, Candida, Wallemia, Ganoderma, Aspergillus, Fusarium, Trichoderma, Penicillium are present in the aforementioned microorganism. These types of microorganisms have been identified in various environments including litter, soil, plant debris, and even air.




4 Discussion

The experimental findings demonstrate a temporal pattern in the pH value and NH3-N concentration of the goat rumen fluid following feeding, wherein both initially decrease and subsequently increase. Notably, these two variables exhibit completely aligned trends.

In conjunction with the trend of total volatile fatty acid (TVFA) concentration, it was observed that the TVFA concentration in the goat rumen reached a minimum while the NH3-N concentration peaked at 14 h (h0) after morning feeding. The simultaneous increase in NH3-N concentration and decrease in TVFA concentration contribute to the resulting high pH value through their interaction. These observations regarding pH value, NH3-N concentration, and TVFA concentration are consistent with established biological patterns characteristic of rumen fluid, thereby enhancing the reliability of the experimental data to a certain extent.

The herbivore digestive tract harbors a complex community of anaerobic microbes that collaborate in the degradation of lignocellulose (Henderson et al., 2015; Wallace et al., 2019; Peng et al., 2021). Extensive research has been conducted on rumen microorganisms (Denman et al., 2018; Li et al., 2019; Yu et al., 2022). However, the majority of existing research on rumen microorganisms has focused exclusively on anaerobic microbes due to the anaerobic nature of the rumen habitat and the partial oxidation of substrates (Russell and Rychlik, 2001; Peng et al., 2021). As a result, there is limited literature documenting the presence of aerobic fungi in the rumen (Almeida et al., 2012).

As mentioned in the results section, aerobic fungi such as Aspergillus, Penicillium, and Trichoderma are commonly encountered in litter, soil, plant debris, and air. It is reasonable to speculate that these fungi may enter the rumen through dietary intake. Indeed, our findings have revealed the presence of several species of aerobic fungi, including Aspergillus, Penicillium, Trichoderma, and others, within the goat rumen.

In 1969, Brewer and Taylor made the initial observation of characteristic fungal morphologies belonging to Aspergillus and Spores groups in the rumen fluid of extensively farmed sheep. At that time, the precise role and significance of aerobic fungi in the rumen were not fully recognized (Brewer and Taylor, 1969). James, in his work “Factors That Alter Rumen Microbial Ecology” (2001), also reported the presence of spores and hyphae of obligate aerobic fungi in the rumen (Russell and Rychlik, 2001).

In 2012, Patrícia et al. investigated the microbiota in the rumen fluid of Holstein cows and heifers in Minas Gerais, Brazil. They identified a substantial population of Aspergillus fungi in the rumen. Sampling was carried out before the first meal of the day (Almeida et al., 2012). Furthermore, in 2021, R.F. Neto reported the presence of Rhizopus, within the rumen. This study emphasized the ability of Rhizopus to survive in the unique rumen environment (Fabino Neto et al., 2020).

Figure 2 illustrates the growth of colonies from these microorganisms within an entirely aerobic environment, originating from goat rumen fluid. Although only aerobic fungi were observed in this cultivation, the intriguing experimental results have aroused our suspicion regarding the potential long-term presence of aerobic microorganisms in the goat rumen. These microorganisms may have the ability to survive and proliferate between successive feedings, thus exerting an impact within the goat rumen.

Although the in vitro culturing technique employed in our experiment was simplistic, it demonstrated broad applicability and reproducibility. These findings suggest the potential long-term persistence of obligate aerobic microbial communities in the rumen environment, thus prompting further investigations into rumen microbiota diversity. Subsequent experiments employed mature 16 s and ITS testing to identify bacterial and fungal strains in the rumen at different time points after morning feeding. Our results revealed the presence of obligate aerobic bacteria and fungi in the rumen fluid across four distinct time points. Notably, these microorganisms encompassed a range of microbial taxa, including Gordonia, Flavobacterium, Bacillus, Aspergillus, Penicillium, Trichoderma, and other fungi.

In 2020, Elnaz et al. detected aerobic fungi in the rumen contents of cattle through ITS (Azad et al., 2020). The experimental site was in Canada, the experimental animals were Angus steers, the sampling time was immediately after they fed, and the feeding method was grazing. The researchers suggest that these fungi may represent epiphytic fungal populations inhabiting forage and other diets and may not be directly involved in rumen fermentation.

In 2022, our research team detected aerobic fungi within the rumen of buffalo during an experimental study conducted in Yunnan, China (Wang et al., 2022). Rumen fluid samples in this trial were collected 2 h after morning feeding.

Many studies have reported similar findings, including the detection of obligate aerobic fungi within the rumen. However, these results have often been overlooked by researchers for two primary reasons. Firstly, it may have been assumed that these obligate aerobic microorganisms are only transiently present in the rumen and originate from external sources, leading to neglect of their ecological significance within the rumen. Second, techniques for 16 s and ITS detection may be sufficient to detect obligate aerobic microorganisms for a certain period of time after their death (Li et al., 2016; Denman et al., 2018).

For instance, in a study conducted by Xing et al. (2020), Fusarium (12.96%) and Aspergillus (4.54%) fungi were detected within rumen fluid during in vitro fermentation experiments. The researchers emphasized the crucial role of these fungi’s enzymatic activities in the biodegradation of lignocellulosic agricultural waste materials (Xing et al., 2020). However, since the main focus of this study was on the microbial degradation of feed components rather than specifically investigating obligate aerobes, the obligate aerobic nature of these fungi was not explicitly examined. In our current study, we have observed the presence of these two obligate aerobic fungi within the rumen, shedding light on their potential roles in rumen ecology. This further prompts inquiries regarding their contributions to feedstuff fermentation.

Over the course of extensive research conducted over many years, the presence of obligate aerobic microorganisms within the rumen has been confirmed by certain researchers through various approaches, such as transcriptome sequencing technology or more direct experiments involving isolation and culture.

In 2020, Zhang et al. utilized transcriptome technology to identify a diverse population of specialized aerobic bacteria thriving within the rumen (Zhang et al., 2020). Samples were collected prior to feeding from three different breeds of animals, namely Angus (AN), Charolais (CH), and Kinsella Composite (KC). The obligate aerobic bacteria identified in this study belonged to Basidiomycota, Mucor, Ascomycota, Chytridiomycota, Mucor, and Unclassified Fungi. Metatranscriptomic datasets were analyzed to identify these fungi, indicating their presence as active microorganisms within the rumen, rather than inactive or dead microbes.

In 2021, Ronaildo Neto et al. isolated and examined 30 different fungi from the sheep rumen microbiome, assessing their production of starch-degrading enzymes across three incubation periods (24, 42, and 72 h). Among the 30 fungal isolates tested, 21 belonged to Aspergillus spp., 6 to Penicillium spp., and 3 to Rhizomucor spp. This study focused on grass-fed sheep in Mato Grosso, Brazil, where it is noteworthy that a majority of the isolated fungi exhibited an aerobic nature (Fabino Neto et al., 2020).

As depicted in Figure 5, we selected four fungi to illustrate the fluctuations in relative abundance within the diverse rumen fungal population. Among these fungi, Aureobasidium is a facultative aerobic organism with a strict dependency on gas for its growth. The figure reveals a substantial decline in the relative abundance of Aureobasidium from 19.80% to approximately 0%, suggesting a gradual decrease in gas levels within the goat rumen following morning feeding. However, the obligatory aerobic fungi, namely Aspergillus, Penicillium, and Fusarium, consistently persisted, suggesting that oxygen may have been present in the goat rumen, but was consumed.

Furthermore, the relative abundance of obligate aerobic fungi changed continuously at 2, 4, 8, and 14 h after morning feeding, with both increases and decreases, indicating that these fungal communities were in a state of survival.

Although there seems to be a contrasting relationship between the gradual decline in gas levels and the persistent presence of oxygen in the rumen, it is noteworthy that the oxygen required for the growth of obligatory aerobic fungi does not necessarily have to exist in a gaseous state. It can also be dissolved within the rumen fluid. Moreover, if the air entering the rumen due to rumination is adequately mixed with the rumen’s digestive contents, it can explain these observations. The physical effects of this mixing process align with the established biology of ruminants.

The apparent contradiction between the gradual decline in rumen gas levels and the persistent presence of oxygen can be elucidated by the fact that gaseous oxygen is not necessarily essential for the growth of obligate aerobic fungi. These fungi can survive in the rumen by being dissolved oxygen in the rumen fluid, as mentioned earlier (Lee et al., 2003).

While previous studies have established a strong correlation between volatile fatty acids (VFAs) and the rumen microbiota (Hong et al., 2004; Hungate1000 project collaborators et al., 2018; Anderson and Fernando, 2021; Glendinning et al., 2021). It is important to note that these studies did not include obligate aerobic microorganisms, which can be considered as “transient microorganisms” in the rumen (Azad et al., 2020; Zhang et al., 2020).

Interestingly, our experiment has demonstrated the existence of obligate aerobic fungi within the goat rumen, providing evidence of a significant association between these microorganisms and VFAs. This correlation has also been observed with obligate aerobic bacteria and fungi, suggesting their potential importance in the goat rumen ecosystem. However, further investigation is required to fully understand the roles of obligate aerobic microorganisms in the rumen.

In 2021, Flavia Oliveira Abrão successfully cultured Rhizopus fungi from the rumen of cows in a study conducted in Minas Gerais, Brazil, employing the captive breeding method. The isolation of these Rhizopus fungal strains has proven to be highly significant, particularly due to the substantial increase in the in vitro dry matter digestibility (IVDMD) of cattle upon their introduction. This research demonstrates promising prospects for the development of microbial or probiotic additives to enhance the digestive capacity of cattle feeding on lignified tropical pastures (Abrão et al., 2021).

Another notable study in 2021, led by Janete Maria da Silva Alves, focused on the isolation of mold strains from the rumen of Brazilian beef cattle grazing in Minas Gerais, Brazil. The identification and isolation of obligate aerobic microorganisms from the rumen not only shed light on their potential as industrial microorganisms but also highlighted their prospective use as feed additives for ruminants (da Silva Alves et al., 2021).

Obligate aerobic microorganisms are continuously introduced into the rumen environment from the surrounding ecosystem while the animal is feeding. Throughout this process, the rumen serves as a complex and dynamic culture medium, and the abundance of obligate aerobic microorganisms fluctuates in response to changes in both time and oxygen levels.

Numerous studies have demonstrated that these microorganisms do not have a transient presence but rather persist within the rumen for extended periods, fulfilling significant roles. These roles may include: firstly, the initial breakdown of plant fibers, participation or influence in nutrient decomposition, and the production of volatile fatty acids (see Table 1).



TABLE 1 Nutrient composition of roughage and concentrate feed.
[image: Table1]

Secondly, the consumption of oxygen during early fermentation stages creates anaerobic conditions for anaerobic microorganisms to ferment. In the rumen ecosystem, oxygen consumption is an important factor that inhibits the continuous growth and proliferation of microorganisms such as mold, presenting high significance. Simultaneously, some bacteria display pesticide-degrading capabilities. In 2022, Zhao et al. isolated a β-cypermethrin-degrading bacterium, named GW-01, from sheep rumen food boluses which showed significant degradation of pyrethroid pesticides (Zhao et al., 2022).

Aerobic fungi also play a vital role in maintaining a relatively anaerobic environment within the rumen. Despite the decrease in the abundance of obligate aerobic microorganisms as the oxygen concentration decreases, they persist and continue to consume oxygen during the processes of feeding and rumination within the rumen.



5 Conclusion

In conclusion, our findings suggest that obligate aerobic microorganisms survive in the goat rumen over time, with their relative abundance varying with diet feeding cycles. The aerobic microorganisms found in the rumen of goats were Aspergillus, Penicillium, and Fusarium, Flavobacterium, Nocardiopsis, and Moraxella. We have also identified correlations between Fretibacterium, Aspergillus, Fusarium, and volatile fatty acids.

Our proposed hypothesis that aerobic microorganisms are constantly present in the rumen can be further explored in future studies. These findings provide insights into the dynamic microbial ecosystem of the goat rumen. Further research on rumination behavior and its effect on the relative abundance of aerobic microorganisms in the rumen will help to enhance our understanding of this complex ecological system.
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Introduction: The primary objective of the current study was to evaluate the effects of Flammulina velutipes mushroom residue (FVMR) in a fermented total mixed ration (FTMR) diet on the fattening effect and rumen microorganisms in Guizhou black male goats.

Methods: A total of 22 Guizhou black male goats were allocated into two groups using the Randomized Complete Block Design (RCBD) experimental design. The average initial weight was 22.41 ± 0.90 kg and with 11 goats in each group. The control group (group I) was fed the traditional fermentation total mixed ration (FTMR) diet without FVMR. Group II was fed the 30% FVMR in the FTMR diet.

Results: The results showed that compared with group I, the addition of FVMR in the goat diet could reduce the feed cost and feed conversion ratio (FCR) of group II (p < 0.01). Notably, the apparent digestibility of crude protein (CP), acid detergent fiber (ADF), neutral detergent fiber (NDF), and dry matter (DM) were higher in group II (p < 0.01). The levels of growth hormone (GH), immunoglobulin A (IgA), and immunoglobulin M (IgM) in group II were higher than that of group I (p < 0.01), which the level of glutamic oxalacetic transaminase (ALT) and interleukin-6 (IL-6) was noticeably lower than that of group I (p < 0.01). 30% FVMR in FTMR diets had no effect on rumen fermentation parameters and microbial composition at the phylum level of Guizhou black male goats (p > 0.05). However, at the genus level, the relative abundance of bacteroidal_bs11_gut_group, Christensenellaceae_R-7_group and Desulfovibrio in group II was lower than in group I (p < 0.05), and the relative abundance of Lachnospiraceae_ND3007_group was higher than in group I (p < 0.01).

Discussion: In conclusion, the results of the current study indicated that 30% FVMR in the FTMR diet improves rumen fermentation and rumen microbial composition in Guizhou black male goats, which improves growth performance, apparent digestibility, and immunity.

Keywords
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1 Introduction

Mushroom residue is the main by-product left after the production of edible fungi, and its components are mainly wood chips, cottonseed hulls, corn cobs, rice straw, and sugarcane residue. For every kilogram of fresh edible mushroom produced, about 5 kilograms of mushroom residue products will be produced (Gao et al., 2021). In 2020, the output of mushroom residue in China reached 132–203 million tons. At present, the primary uses of mushroom residue are the reproduction of edible fungi, the development of animal feed, composting, the development of biomass energy, soil improvement, and restoration, sewage treatment, extraction of biologically active substances and raw materials for the food industry (Guo et al., 2022; Leong et al., 2022). The nutrients in the mushroom residue after harvesting edible fungi have not been completely degraded and the contents of crude protein (CP), ether extract (EE), crude fiber (CF), and amino acids are relatively high (Estrada et al., 2009). The mushroom sticks produce many fungal mycelium and beneficial bacteria during edible mushroom growth. During the growth process of mycelium, enzymatic hydrolysis can produce a variety of sugars (water-soluble dietary fiber), polyphenolic compounds (quercetin, catechin, gallate, caffeate, etc.), compounds with anti-cancer activity (Flammulina velutipes polysaccharides, fungal immunomodulatory proteins, steroid compounds, monoterpenes, etc.) have lipid-lowering, antioxidant and anti-cancer effects on animals (Hertog et al., 1993; Yeh et al., 2014; Najafi et al., 2019). In addition, the characteristic mushroom fragrance of mycelia can improve the palatability of feed and stimulate the appetite of livestock (Koutrotsios et al., 2014). A previous study by Kim et al. (2011) indicated that 10% fermented oyster mushroom residue in the diet could enhance Holstein calves’ growth performance and blood biochemical indicators were not affected. Huang et al. (2023) found that the incorporation of 15% Pleurotus eryngii fermentation residues in Hu sheep diets had the best effect on improving production performance, rumen microbial composition, and rumen microbial abundance of Hu sheep. Mandale et al. (2023) considered that supplementing 10% mushroom residues in Berari goat diets could reduce feed costs and improve growth performance in Berari goats. Relevant studies have shown that the incorporation of FVMR in goat diets could enhance apparent digestibility, slaughter performance, nitrogen biological value, and nitrogen deposition rate. At the same time, the meat quality of goats was also significantly improved (Meng et al., 2016, 2017).

Guizhou black goat is one of the three typical goat breeds in Guizhou, China, which have strong survival ability due to the special ecological environment of karst landform and harsh natural selection. Guizhou black goat has always been famous for its high meat quality and low cholesterol. It has been listed as a local excellent varieties protection list in Guizhou Province. It has the characteristics of excellent meat quality, good gregariousness, wide feeding range, walking ability, and strong stress resistance, and an annual inventory of about 500,000.

In current research, there are relatively few research reports on the application of mushroom residue as feed in animal production and research reports on feeding goats with FVMR are even rarer. In the previous single-cage feeding study, our research group concluded that the chemical composition of FVMR is: dry matter (92.67%), crude protein (10.83%), crude ash (10.94%), neutral detergent fiber (53.79%), ether extract (2.79%), calcium (3.19%), and phosphorus (0.43%). The incorporation of FVMR (30, 40, 50, 60%) in diets through fermentation treatment could change the feed quality, and affect the feeding behavior, rumination behavior and diarrhea rate of Guizhou black male goats. Finally, the 30% FVMR in fermented total mixed diet (FTMR) group had the best effect in improving the feed quality and feeding behavior of Guizhou black male goats, promoting rumination activity, and reducing diarrhea rates (Long et al., 2022). It was hypothesized that long-term feeding of 30% FVMR in FTMR diets may have many positive effects on the production performance, rumen fermentation, serum biochemical indicators, and rumen microorganisms of Guizhou black male goats. Therefore, the objective of the current study was to conduct a more comprehensive explanation on the effects of 30% FVMR in FTMR diets on the production performance, rumen fermentation, serum biochemical indicators, and rumen microorganisms of Guizhou black male goats. In addition, FVMR may ultimately achieve the goal of reducing feeding costs by replacing some of the more expensive roughage.



2 Materials and methods


2.1 Animal ethics statement

The experiment was conducted at the Maiping Experimental Base of the Guizhou Provincial Institute of Animal Husbandry and Veterinary Medicine. All animals were meticulously conducted in accordance with animal welfare guidelines and were subject to stringent regulatory oversight by the Experimental Animal Ethics Committee of Guizhou University in Guizhou, China (EAE-GZU-2021-E024).



2.2 Materials, animals, diets, and experimental design

Flammulina velutipes mushroom residue (The dregs left after the Flammulina velutipes mushroom are picked after about 10 days of growth. At this time, the length of the Flammulina velutipes mushroom residue was about 15–20 cm.): was provided by Xuerong Biotechnology Co., Ltd. (No. 2 Flammulina velutipes Factory) (Bijie, China). White-rot fungi were purchased from the Beijing Microbiological Culture Collection Center (Beijing, China). The mixed fermentation agent (lactic acid bacteria; yeast; Bacillus licheniformis; Enterococcus faecalis; Bacillus subtilis; etc., number of viable bacteria ≥5 × 1,011 CFU/g) was acquired from Luoyang Oukebaik Biotechnology Co., Ltd. (Luoyang, China). The mixed enzyme preparation (Contains cellulase ≥7,000 U/g, β-glucanase ≥12,000 U/g, xylanase ≥30,000 U/g, and pectinase ≥3,000 U/g) was acquired from CJ Youtel Biotechnology Co., Ltd. (Shanghai, China).

The FTMR was reconfigured according to the optimal FVMR addition ratio formulation determined in previous research by Long et al. (2023a). Twenty-two healthy, 5–6 months old, Guizhou black male goats with 22.41 ± 0.90 kg live body weights were used in this experiment. The goats were allocated into two groups using the Randomized Complete Block Design (RCBD) experimental design, with each group consisting of 11 test duplicates. The control group (group I) was fed with traditional FTMR without FVMR according to the feed formula. The fed group II was made into FTMR by adding 30% FVMR according to the designed formula and adding white-rot fungi, mixed starter, and mixed enzyme preparation according to the product instructions and mixed evenly, adjusting the moisture content to 42%, put it into fermentation bags (70 cm × 130 cm) (Guizhou Weilai Technology Co., Ltd. Guiyang, China) for room temperature fermentation and seal for 15 days. In the feed quality testing test, the same method was used but smaller fermentation bags (35 cm × 50 cm) were used to produce FTMR. A total of 12 fermentation bags were prepared, with 6 replicates in each group. The entire feeding experimental timeline spanned 75 days, comprising a 15-day pre-trial period and a 60-day period dedicated to the collection of data and samples. The composition and nutritional levels of the basic diet formulated according to NRC (2007) nutritional requirements are shown in Table 1.



TABLE 1 Composition and nutrient levels of diets.
[image: Table1]

In this experiment, each goat was kept individually in a separate fully automatic precision-feeding metabolic cage. A total of 22 fully automatic precision-feeding metabolic cages were used in this experiment. The fully automatic precision feeding metabolic cage system consists of automatic weighing, automatic drinking water, automatic temperature, humidity sensing, hydrogen sulfide, and safety sensing systems. Each metabolic cage (2 m2) is made of stainless steel, and each cage was strictly sterilized before the experiment and vaccinated and dewormed following the farm’s standard operating procedures. During the pre-test and formal test phases, the diet proportion was the same for every test group. The test goats were fed on time at 9:00 and 17:00 every day. Before each feeding, ensure that the remaining feed content in the trough during the second feeding is approximately 10% of the previous feed.



2.3 Growth performance and economic benefits

During the experiment, the remaining feed was cleaned before each feeding. In addition, the fully automatic precision feeding system automatically transmitted the average daily gain (ADG) of the goats to the computer at regular intervals every day. The experimenter recorded the weight of the remaining feed before each feeding and calculated the dry matter intake (DMI), feed conversion ratio (FCR), feed weight gain cost and weight gain benefit according to the method of Long et al. (2022).



2.4 Sample collection and apparent digestibility

The duration of each digestibility trial was 12 days, including 7 days of adaption and 5 days of total collection of feces. Before the morning feeding from day 70 to 75, the total feces of each male goat were collected, weighed, and recorded. The manure samples were combined in equal proportions, at a ratio of 20% relative to the weight of fresh manure. Subsequently, the nitrogen was then stabilized by adding 10% diluted sulfuric acid, and the samples were kept in a refrigerator at −20°C (Li et al., 2022).

The drying, crushing, sieving, and preservation processes of feed and feces samples were carried out according to the method of Yang et al. (2018). The dried samples were utilized for the analysis of various components, including dry matter (DM, method No. 930.15), crude protein (CP, method No. 976.05), calcium and phosphorus (method 935.13), ether extract (EE, method No. 973.18) according to the Association of official Analytical Chemists (AOAC, 2000). Neutral detergent fiber (NDF) in feed was determined according to the method of Van Soest et al. (1991) without thermostable α-amylase but uses sodium sulfite and NDF is expressed without residual ash. The endogenous indicator acid-insoluble ash (AIA) was used to calculate apparent nutrient digestibility (The method was to quantify digestibility) according to the method of Van Keulen and Young (1977).



2.5 Rumen fluid collection, rumen fermentation parameters, and rumen microbial testing

On the morning of the end of the experiment, 2 h after the morning feeding, the rumen fluid was collected with a negative pressure collector, and the catheter was inserted into the oral esophagus until the middle of the rumen. To prevent contamination, the rumen fluid collected initially was discarded. About 50 mL of rumen fluid was collected from each goat. The rumen fluid was filtered through 4 layers of gauze, and the pH (PHS-3E, Shanghai Leici Instrument Co., Ltd., Shanghai, China) value of the rumen fluid was detected immediately. The concentration of NH3-N was measured by a microplate reader (ELX800, BioTek Instrument Co., Ltd., USA) following the method of Paengkoum and Han (2009).

Gas chromatography (GC) was employed to detect VFA. Take an appropriate amount of rumen fluid sample and place it in a 2 mL centrifuge tube. Samples were extracted in 50 μL of 15% phosphoric acid with 100 μL of 125 μg/mL 4-methyl valeric acid solution as IS (The IS was used to correct for injection variability between samples and minor changes in the instrument response) and 400 μL ether. Subsequently, the samples were centrifuged at 4°C for 10 min at 12000 rpm after vortexing for 1 min, and the supernatant was transferred into the vial before GC–MS analysis (Han et al., 2018).

The GC–MS analysis was performed on a trace 1,300 gas chromatograph (Thermo Fisher Scientific, USA). The GC–MS was fitted with a capillary column Agilent HP-INNOWAX (30 m × 0.25 mm ID × 0.25 μm), and helium was used as the carrier gas at 1 mL/min. The injection was made in split mode at 10:1 with an injection volume of 1 μL and an injector temperature of 250°C. The ion source and interface temperature were 300°C and 250°C, respectively. The column temperature was programmed to increase from an initial temperature of 90°C, followed by an increase to 120°C at 10°C/min, to 150°C at 5°C/min, and finally to 250°C at 25°C/min, which was maintained for 2 min (total run-time of 15 min). Mass spectrometric detection of metabolites was performed on ISQ 7000 (Thermo Fisher Scientific, USA) with electron impact ionization mode. Single ion monitoring (SIM) mode was used with an electron energy of 70 eV (Hsu et al., 2019; Zhang et al., 2019).



2.6 Serum biochemical indicators

At the end of the experiment, blood was collected from the jugular vein before feeding. 10 mL of blood was collected from each goat. The serum was separated by a low-speed centrifuge and stored in a − 20°C refrigerator until testing. Immunoglobulin M (IgM), Immunoglobulin G (IgG), Immunoglobulin A (IgA), Interleukin-2 (IL-2), Interleukin-6 (IL-6), Tumor Necrosis Factor-α (TNF-α), Interferon-gamma-γ (INF-γ), Glutamic oxalacetic transaminase (ALT), Alanine aminotransferase (AST), and Growth Hormone (GH) were measured with a microplate reader (ELX800, BioTek, USA) according to the detailed steps of the ELISA kit (Haoyuan Biotechnology Co., Ltd., Yibin, China).



2.7 Rumen microbiome detection and analysis

Rumen fluid samples were snap frozen and stored at −80°C after collection. Bacterial DNA was isolated from the Rumen fluid using a MagPure Soil DNA LQ Kit (D6356-02, Magen, Hilden, Germany) following the manufacturer’s instructions. DNA concentration and integrity were measured by a NanoDrop 2000 spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) and agarose gel electrophoresis. The V3-V4 hypervariable region of the bacterial 16S rRNA gene was amplified by PCR using primers (343F, 5′-TACGRAGCAGCAG-3′, 798R: 5′-AGGGTATCTAATCCT-3′) in a 25 μL reaction. The resulting sample barcode was included in the reverse primer, and both primers were individually ligated to Illumina sequencing adapters.

Gelatin electrophoresis was used to visualize the Amplicon quality. Using Agencourt AMPure XP beads (Beckman Coulter Co., USA), PCR products were purified, and the Qubit dsDNA kit was used to quantify the results. Subsequently, the concentrations were adjusted to prepare for the sequencing process. Sequencing was carried out on an Illumina NovaSeq 6000 platform, employing two paired-end read cycles, each with a length of 250 bases. (Illumina Inc., San Diego, CA; OE Biotech Company, Shanghai, China).

The format of the raw sequencing data was FASTQ. Then the Cutadapt software was used to preprocess the obtained data, detect and cut off the joints. After completion, DADA2 and QIIME2 were used to filter the obtained data, denoise, merge, detect, and cut off chimeric reads. The methods are based on Callahan et al. (2016) and Bolyen et al. (2019) respectively. At last, the software outputs the representative reads and the ASV abundance table. The representative read of each ASV was selected using the QIIME2 package. All representative reads were annotated and blasted against Silva database Version 138 (or unite) (16 s/18 s/ITS rDNA) using q2-feature-classifier with the default parameters. The microbial diversity of rumen fluid samples was analyzed by alpha diversity analysis, and the Chao1, Simpson, and Shannon index values were calculated according to the methods of Hill et al. (2003) and Chao and Bunge (2002). The Unifrac distance matrix performed by QIIME software was used for unweighted Unifrac Principal coordinates analysis (PCoA) and phylogenetic tree construction. The 16S rRNA gene amplicon sequencing and analysis were conducted by OE Biotech Co., Ltd. (Shanghai, China).



2.8 Statistical analysis

All the original data obtained in this experiment were first sorted and recorded using Excel 2021. The data’s normal distribution was first ascertained using the Shapiro–Wilk test. Finally, the recorded data software was used for statistical analysis through SPSS 26.0. Data analyzes were one-way ANOVA and multi-covariate ANOVA with general linear model (GLM module). The Duncan’s test and the LSD method were used to conduct multiple comparisons and significant difference tests. All results were expressed as means and standard error of the mean (SEM). In the analysis, a significance level of p < 0.05 was regarded as statistically significant, and p < 0.01 as highly significant.




3 Results


3.1 Growth performance and apparent digestibility

The DMI, FCR, and feed weight gain cost of group I was higher than that of group II (p < 0.01). Compared with group I, the FBW (Average final body weight), TWG (Average total weight gain), and weight gain benefit of group II were increased, respectively, by 4.99, 10.89, and 10.82%, and each goat of group II earned 17.35 CNY (Chinese Yuan) more than the group I. There was no significant difference in ADG between the two groups; however, in comparison to Group I, the ADG of group II was also increased by 10.83% and the feed cost of group II was reduced by 25% (Table 2). In contrast to group I, the apparent digestibility of DM, CP, and NDF in group II were increased, by 13.84, 7.07, and 7.74% (p < 0.01). The apparent digestibility of EE did not differ between the two groups (p > 0.05) (Table 3).



TABLE 2 Effects of different diets on the performance and economic benefits of Guizhou black male goats.
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TABLE 3 Effects of diets on apparent digestibility of Guizhou black male goats (%).
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3.2 Rumen fermentation parameters

The pH level in Group II was higher than that in Group I (p < 0.05). NH3-N, TVFA (Total volatile fatty acids), and A/P were unaffected by the addition of FVMR (p > 0.05). The proportion of acetic acid in TVFA in group I was higher than that in group II (p < 0.01), while there was no difference in the proportions of propionic acid, butyric acid, isovaleric acid, isobutyric acid, valeric acid, and caproic acid in TVFA between the two groups (p > 0.05) (Table 4).



TABLE 4 Effects of different diets on ruminal fermentation parameters of Guizhou black male goats.
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3.3 Serum biochemical indicators

It can be depicted from Table 5 that adding FVMR to the feed has an impact on the serum biochemical indicators of black goats. The FVMR in the FTMR diet had no effect on IgG, IL-2, TFN-α, or IFN-γ (p > 0.05). Moreover, feeding black goats at a rate of FVFM in the FTMR resulted in higher serum IgG, TFN-α, and IFN-γ levels than group I. In addition, the level of IL-2 in group II was lower than that of group I. But there is no significance (p > 0.05). The GH, IgM, and IgA level in group II was higher than in group I (p < 0.01). FVFM in the FTMR to feed black goats could reduce serum IL-6 and ALT levels (p < 0.01), Similar, it could also reduce AST levels (p < 0.05) (Table 5).



TABLE 5 Effects of different diets on serum biochemical indexes of Guizhou black male goats.
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3.4 Microbiota composition

The results of the Venn analysis showed that at the ASV level, specific bacterial ASV accounted for 39.50% (1480) of the total ASV sequence number in group I, specific bacterial ASV accounted for 39.90% (1495) of the total ASV sequence number in group II (Figure 1A). In addition, the number of bacterial ASVs shared by groups I and II was 772 (22.22%). It was concluded by the PCoA (Figure 1B) and NMDS (Figure 1C) diagrams that the distribution of samples in group II is relatively concentrated, and the samples have better repeatability. PCoA obtained different contribution rates through different analysis methods, indicating that although the difference in microbial colonies between the two groups of samples was not significant, there were still certain differences.

[image: Figure 1]

FIGURE 1
 Effects of different diets on rumen microorganisms of Guizhou black male goats. (A–E) Are ASV-Venn, Principal coordinate analysis (PCoA) non-metric multidimensional scale analysis (NMDS), ASV-Circos, and ASV- Phylogenetic diagram analysis of I and II.


In the two diagrams of Circos (Figure 1D) and Phylogenetic (Figure 1E), the distribution of different ASVs of the three main dominant colonies at the phylum level could be visually observed. In the Phylogenetic diagram, we can also visually observe the evolutionary distance of different ASVs. From the Circos and Phylogenetic diagrams, it was concluded by that the detected rumen microorganism ASV in different test groups is mainly distributed in Bacteroidota. In the alpha_diversity analysis (Figure 2), Chao1, Shannon, Simpson, goods_coverage, observed-species, PD-whole-tree and ACE indexes were similar and did not reach a significant level between the two experimental groups (p > 0.05). The goods_coverage between the two groups was close to 1, indicating that the sequencing depth is reasonable. The species distribution is uniform and diverse with high reliability, covering all species, therefore, microbial sample data can be further analyzed.

[image: Figure 2]

FIGURE 2
 Effects of different diets on alpha diversity index of rumen microorganisms in Guizhou black male goats. (A–E) Represents the Chao1 index, Shannon index, Simpson index, goods_coverage index, and ACE index, respectively.


At the phylum level, the dominant bacteria are Bacteroidota, Firmicutes and Proteobacteria (Figure 3A). However, the differences in levels of Bacteroidota, Firmicutes and Proteobacteria were not significant (p > 0.05) (Table 6). At the genus level, Prevotella, Muribaculaceae, and F082 were the main dominant genera (Figure 3B). The incorporation of 30% FVMR in Guizhou black male goats FTMR diets could change the colony composition of rumen microorganisms at the genus level (Table 7). The inclusion of 30% FVMR decreased Bacteroidales_BS11_gut_group, Desulfovibrio, and Christensenellaceae_R-7_group (p < 0.05), while increasing Lachnospiraceae_ND3007_group when compared to the control group (p < 0.01).
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FIGURE 3
 Effects of different diets on the phylum-level and genus-level colony abundance of rumen microorganisms in Guizhou black male goats. (A) Relative abundance of phylum horizontal species. (B) Relative abundance of genus horizontal species.




TABLE 6 Effects of different diets on the relative abundance of ruminal bacterial communities at the phylum level (average relative abundance ≥0.1% for at least one treatment) of Guizhou black male goats (%).
[image: Table6]



TABLE 7 Effects of different diets on the relative abundance of ruminal bacterial communities at the genus level (average relative abundance ≥0.5% for at least one treatment) of Guizhou black male goats (%).
[image: Table7]

All microbial data were used in the LEfSe analysis, which correctly identified the important bacterial groups connected to the two groups. Figure 4 depicts a representative structural cladogram of major microbiota showing the relative abundance of species within this group. From the Cladogram and LDA graphs, it can be found that there is 1 colony (g_Odoribacter) with high abundance in group I and 7 colonies (For example, g_Lachnospiraceae_ND3007_group, g_Anaerovibrio, and g_Allobaculum, etc.) with high abundance in group II (Figure 4).

[image: Figure 4]

FIGURE 4
 The microbiomes of the two groups were described using LEfSe and LDA analysis according to ASV differences. (A) The histogram of the distribution of LDA values was calculated with a score of LDA scores >2. The length of the bars represents the abundance of different species. (B) Example map of different species annotation branches in the figure; different colors indicate different groups. The yellow nodes represent the species with no significant difference between the two groups. The diameter of the node is proportional to the relative abundance. Each layer of nodes represents the phylum/class/order/family/genus from the inside to the outside and each layer of species. The marked annotations indicate the phylum/class/order/family/genus from the inside to the outside; the species names represented by English letters in the figure are displayed in the legend on the right.




3.5 Correlation analysis

Correlations between microbiome composition and rumen fermentation parameters and digestibility are shown in Figure 5. The relative abundance of Rikenellaceae_RC9_gut_group exhibited a negative correlation with acetic acid, TVFA, and propionic acid (p < 0.05). Similarly, the relative abundance of F082, Ruminococcaceae_UCG_002, Prevotellaceae_UCG-001, and [Eubacterium]_coprostanoligenes_group in the rumen were higher. In addition, the content of acetic acid, propionic acid, butyric acid, and TVFA will be reduced. The apparent digestibility of EE was positively correlated with the relative abundance of uncultured flora (p < 0.05) and negatively correlated with the relative abundance of Bacteroidales_BS11_gut_group, Prevotellaceae_UCG-003, and Lachnospiraceae_UCG-004 (p > 0.05). The A/P ratio was shown to be negatively related to the relative abundance of Bacteroidales_BS11_gut_group and other genera (p < 0.05). The digestibility of DMD, IgA, IgM, NH3-N, and ADFD was positively correlated with the relative abundance of Lachnospiraceae_ND3007_group and negatively correlated with the relative abundance of Bacteroidales_BS11_gut_group. In addition, [Eubacterium]_coprostanoligenes_group relative abundance changes were negatively correlated with IgG, while Ruminococcus abundance changes were negatively correlated with TFN-α (p < 0.05). There is a positive correlation between the relative abundance of Muribaculaceae and changes in ALT (p < 0.05).
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FIGURE 5
 Correlation analysis of rumen fermentation parameters and nutrient digestibility with microbial abundance. TVFA, Total volatile fatty acids; EED, Apparent digestibility of crude fat; A/P, Acetic acid/propionic acid; CPD, Apparent digestibility of protein; NDFD, Apparent digestibility of neutral detergent fiber; DMD, Apparent digestibility of dry matter; ADFD, Apparent digestibility of acid detergent fiber. Red indicates a positive correlation; blue indicates a negative correlation. *p < 0.05.





4 Discussion


4.1 Effects of growth performance and apparent digestibility

Flammulina velutipes mushroom residue has high moisture content and also high in cellulose, which easily contaminated by fungi and bacteria if not treated in time. It will begin to decompose after 2–3 days and produce harmful compounds after 1 week (Kim et al., 2007). The mushroom residue treated by microbial fermentation can prolong the shelf life and improve the feed’s palatability and nutritional value (Gao et al., 2008; Kwak et al., 2008). Although feed nutritional value and palatability data were not presented in this study, previous behavioral studies have confirmed that feeding FVFM in the FTMR could improve feed quality and palatability (Long et al., 2023b). In the breeding process, animal growth performance directly determines economic benefits to a large extent, so animal ADG and FCR are the key research indicators. Huang et al. (2021) found that the ADG of Liuyang black goats fed with 65% mixed concentrate +35% oyster mushroom chaff and whole plant rice co-fermented material increased by 18.33%, and FCR decreased to 5.20. In this study, the ADG of the Guizhou black male goats increased by 10.83% and the FCR was significantly lower than that of the control group. We also found that the cost of feeding the experimental group containing 30% FVMR in FTMR diets was 25% lower than that of the control group, and the economic benefit of each goat increased by 10.82%. The findings of this study agree with those of Huang et al. (2021) and Kang et al. (2022). However, it is inconsistent with the research results of Guo et al. (2015) that adding FVMR to the diet had no significant effect on the growth performance of Boer goats.

Feed digestibility is positively correlated with the absorption rate of nutrients absorbed by animals and the quality of feed, which was very important for the growth and development of ruminants (Zhang et al., 2022). Relevant research has demonstrated that fermenting feed could increase the utilization rate of feed (Kawamoto et al., 2009) and the incorporation of white-rot fungi and enzymatic bacteria in diets could improve feed quality and digestibility (So et al., 2020; Clark et al., 2022). In this study, the incorporation of 30% FVMR in diets of Guizhou black male goats could increase the apparent digestibility of DM, CP, and NDF. The reason may be that the nutritional properties and special composition of the feed raw materials (bacteria residue) themselves may directly increase the apparent digestibility (Li et al., 2015; Meng et al., 2016). Moreover, we have adopted different treatment methods, adding white-rot fungi, mixed starter culture and enzyme preparation to the FVMR feed, which will also greatly improve the apparent digestibility of the feed. When animals ingest feed to reach the energy requirements, DMI intake of feed will be reduced, and because the moisture content of FVFM feed after fermentation was higher than that of the control group, it may also be the reason for reducing DMI intake of feed. Ultimately, the FCR decreases.



4.2 Effects of rumen fermentation

The fluctuation of rumen pH is the most intuitive indicator reflecting the state of rumen fermentation and internal environment stability, which normal range is 6.0 ~ 7.0 (Guo et al., 2022). Although the rumen pH value of the FVMR in the FTMR diet was higher than that of the control group, both groups were within the normal range. Therefore, it could be considered that feeding Guizhou black male goats with FVFM in the FTMR would not cause ruminal acidosis.

Acetic acid and butyric acid can be converted into each other in the rumen (Wang et al., 2020). 28% of acetic acid is not absorbed by the rumen in the form of acetic acid, but acetic acid could react with acetyl-CoA or butyryl-CoA transferase to produce butyric acid, which is then absorbed by rumen microorganisms (Kristensen, 2001; Hackmann and Firkins, 2015). In this study, we concluded that the acetic acid content of Guizhou black male goats fed 30% FVFM in the FTMR was significantly lower than that of the control group, while the contents of propionic acid and butyric acid tended to increase. It might be because FVFM in the FTMR could improve the activity of acetyl-CoA and butyryl CoA, and accelerate the conversion between acetic acid and butyric acid (Henderson et al., 2015). However, goats may promote microbial metabolism through an energy dissipation process that continuously converts acetic acid to butyric acid. Additionally, FVFM in the FTMR might also change the rumen fermentation mode from acetic acid to propionic acid (Chen et al., 2021), this model needs to be further confirmed under the conditions of this study. Finally, the content of acetic acid and the ratio of acetic acid to propionic acid is reduced. In addition, butyric acid could usually participate in the development of rumen papilla by stimulating the metabolism of rumen epithelial cells (Poudel et al., 2019) and mutton sheep mainly use propionic acid produced from sugar and starch fermentation to produce glucose through gluconeogenesis to provide more energy for the body (Astawa et al., 2011; Gunun et al., 2018; Zhang et al., 2022). Thus, while propionic acid and butyric acid were conducive to improving animal growth, which could explain the higher growth performance obtained in this study.



4.3 Effects of serum biochemical indicators

Serum biochemical indicators are affected by factors such as animal species, species, age, sex, dietary nutritional structure, and seasonal climate changes, which could reflect the body’s health, body nutrition level, and metabolic state (Piccione et al., 2010). As one of the peptide hormones, GH could participate in the regulation of animal reproductive function and promote muscle development, but to a certain extent, it could also promote the differentiation, proliferation, and migration of some cancer cells (Imbesi et al., 2014). This study found that feeding 30%, FVMR FTMR can significantly increase goats’ GH value and better promote goats’ growth and development. IgA, IgG, and IgM produced in the body’s first immune response are important immunoglobulins of the body and are the main antibodies of the body’s second immune response to pathogens (Çölkesen et al., 2022). This study found that 30% FVMR in FTMR diets increased the levels of IgA and IgM in goat serum, which indicates that feeding 30% FVMR in FTMR diets improved the immune capacity of goats. The IL-6 anti-inflammatory factor secreted by Th2 cells can produce a large amount of immunoglobulin by stimulating B cells, which have anti-infective, inhibit, and kill tumor cells (Calleja-Agius and Brincat, 2008; Wu et al., 2011). However, we have failed to identify the specific reasons and mechanisms of IL-6 in this study was lower than those in the control group, which needs further study. AST and ALT have the function of catalyzing the conversion of amino acids into keto acids and are considered to be crucial transaminase enzymes in various biological processes (Yang et al., 2022). Under normal circumstances, the activity of ALT and AST in the body’s serum is low. If the liver tissue cells are damaged, lesions occur, and the function is impaired, the body’s AST and ALT will enter the blood to increase the activity of ALT and AST in the serum (Akrami et al., 2015; Tan et al., 2016). In this study, it was found that feeding 30% FVMR in FTMR diets decreased the content of ALT and AST. It shows that feeding 30% FVMR in FTMR diets could improve the immune ability of Guizhou black male goats and maintain liver health.



4.4 Effects of rumen microflora

Rumen microorganisms comprise three major groups of protozoa, bacteria, and fungi. The unique existence of these microorganism groups has created a powerful digestive system for ruminants (Biscarini et al., 2018). Regulating the rumen microbial ecosystem to improve rumen fermentation in ruminants, improving animal productivity, and economic benefits have always been among the leading research hotspot in animal nutrition research (Patra and Saxena, 2011). The change in rumen microbial diversity has a key relationship with the diet structure. By adjusting the diet structure, the rumen microbial diversity can be improved, and the health of ruminants can be guaranteed (Henderson et al., 2015). At the phylum level, the proportion of Bacteroidetes and Firmicutes accounted for more than 70% of rumen microorganisms, and they were the dominant colonies of rumen microorganisms in ruminants (Singh et al., 2012; Jami et al., 2013; Liu et al., 2017). This study also obtained consistent results. The sum of Bacteroidetes and Firmicutes colonies between the two groups accounted for more than 70% of the rumen microorganisms. Bacteroidetes in the rumen are an essential flora that promotes the degradation of polysaccharides, proteins, and carbohydrates in feed in ruminants (Naas et al., 2014); it can degrade high-molecular organic matter and improve the innate immune response by enhancing the intestinal mucosal barrier function (Thomas et al., 2011; Magrone and Jirillo, 2013). Bacteroidetes in the rumen are crucial for the synthesis of acetate and propionate as well as the degradation of non-cellulosic plant-based substances (Söllinger et al., 2018). This is the main reason that the proportion of acetic acid and propionic acid in the rumen of the control group is higher than that of the experimental group II. Firmicutes are related to energy metabolism, and they carry many genetic codes that can produce a variety of digestive enzymes to decompose various nutrients; they are the most critical bacterial group for ruminants to absorb protein and improve fiber utilization (Kaakoush and Nadeem, 2015; Petri et al., 2019). Proteobacteria are mainly Gram-negative bacteria, including, Escherichia coli, Salmonella, and other pathogenic bacteria, which can degrade soluble carbohydrates. When the content is higher than 19%, indicating that the rumen microbial ecosystem is unstable (Auffret et al., 2017). In this study, the content of Proteobacteria in the two test groups was lower than 19%, and the rumen microbial ecosystem was stable. It shows that feeding 30% FVMR in FTMR diets does not affect the stability of the rumen microbial system of black goats. In addition, the relative abundance of Bacteroidetes in group II was lower than that in the control group, but the relative abundance of Firmicutes was higher than that in the control group. This provides certain evidence that FVMR can improve the ruminal microbial composition of Guizhou black male goats.

Generally, the most dominant genus in the rumen of ruminants is Prevotella (Bowen et al., 2018). Its primary function is to degrade cellulose, starch, hemicellulose, and protein (Li and Guan, 2017). Prevotella was positively correlated with the proportion of acetic acid but negatively correlated with the body’s MCP concentration, gas production, and the proportion of valerate and butyrate (Zhou et al., 2022). The reason may be that why the acetic acid in the group II was lower than that in the control group, but the butyric acid was higher than that in the control group. Muribaculaceae belongs to Bacteroidetes, which is abundant in the intestines of mice. This genus is a newly identified genus name. There is still a lack of in-depth understanding of its specific functions. The changes in its abundance are mainly related to the host and its dietary conditions (Zhou et al., 2020). In this study, because both Muribaculaceae and Prevotella belong to Bacteroidota, we believe that the function of Muribaculaceae may be related to the degradation of cellulose, starch, and protein, and further research is needed to prove it. Rikenellaceae_RC9_gut_group and Ruminococcus are the main bacteria of rumen microorganisms, which can secrete a large amount of oligosaccharase, cellulase, and hemicellulase and participate in the decomposition and absorption of protein and carbohydrates (Dai et al., 2015; Zhu et al., 2021). Therefore, it promoted fiber digestion in test group II more than in control. The relative abundance of Prevotellaceae_UCG-003 was significantly positively correlated with the valeric acid and propionic acid ratio, and there was a promoting effect in the process of polysaccharide degradation (Flint et al., 2008). This may also lead to lower propionic and valeric acid in group II in this study than in the control group. The change of rumen microbes has an important relationship with the body’s immune regulation, disease resistance, and animal growth (Wang et al., 2021). Lachnospiraceae_NK4A136_group and Lachnospiraceae_ND3007_group belong to the Lachnospiraceae family, and many microorganisms can produce butyric acid, which can inhibit inflammation and enhance the integrity of the epithelial barrier and are positively correlated with IgG and IgM (Meehan and Beiko, 2014; Sarmikasoglou and Faciola, 2022). In addition, Ruminococcus may inhibit inflammation and promote growth in animals through butyrate production (Scaldaferri et al., 2016). Relevant studies have shown that Fibrobacter and Prevotellaceae UCG-003 negatively correlate with enhancing immune function (Wang et al., 2021). In this study, Feeding 30% FVMR in FTMR diets could improve the rumen microbial composition of Guizhou black male goats.




5 Conclusion

In the context of this study, we attempted to unravel the effects of the FVMR diet on the fattening effect and rumen health of Guizhou black male goats. Our findings demonstrated that 30% FVMR in Guizhou black male goats FTMR diets could improve rumen microbial composition and reduce the content of acetic acid. Moreover, the apparent digestibility of DM, CP, and NDF is improved, it also could improve the immunity. Finally, 30% FVMR in FTMR diets increased ADG and decreased FCR of Guizhou black male goats. Consequently, the feed cost is 25% lower than that of the control group, and the average profit per sheep is 17.35 CNY higher than that of the control group. In conclusion, 30% FVFM in the FTMR to feed Guizhou black male goats is an effective and promising method to reduce feeding costs and improve the economic benefits of Guizhou black male goats. Notably, We believe that many microorganisms in the rumen after feeding FVMR are closely related to the immune regulation and health of the animal body, and the specific influencing mechanisms and functions require further research and verification.
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Introduction: This study aimed to investigate the digestive function, urea utilization ability, and bacterial composition changes in rumen microbiota under high urea (5% urea in diet) over 23 days of continuous batch culture in vitro.

Methods: The gas production, dry matter digestibility, and bacterial counts were determined for the continuously batch-cultured rumen fluid (CRF). The changes in fermentation parameters, NH3-N utilization efficiency, and microbial taxa were analyzed in CRF and were compared with that of fresh rumen fluid (RF), frozen rumen fluid (FRF, frozen rumen fluid at −80°C for 1 month), and the mixed rumen fluid (MRF, 3/4 RF mixed with 1/4 CRF) with in vitro rumen fermentation.

Results: The results showed that the dry matter digestibility remained stable while both the microbial counts and diversity significantly decreased over the 23 days of continuous batch culture. However, the NH3-N utilization efficiency of the CRF group was significantly higher than that of RF, FRF, and MRF groups (p < 0.05), while five core genera including Succinivibrio, Prevotella, Streptococcus, F082, and Megasphaera were retained after 23 days of continuous batch culture. The NH3-N utilization efficiency was effectively improved after continuous batch culture in vitro, and Streptococcus, Succinivibrio, Clostridium_sensu_stricto_1, p.251.o5, Oxalobacter, Bacteroidales_UCG.001, and p.1088.a5_gut_group were identified to explain 75.72% of the variation in NH3-N utilization efficiency with the RandomForest model.

Conclusion: Thus, core bacterial composition and function retained under high urea (5% urea in diet) over 23 days of continuous batch culture in vitro, and bacterial biomarkers for ammonia utilization were illustrated in this study. These findings might provide potential applications in improving the efficiency and safety of non-protein nitrogen utilization in ruminants.

Keywords
 core microbiota; continuous batch culture; ammonia utilization; rumen; NH3-N utilization efficiency


1 Introduction

Livestock husbandry plays a pivotal role in human food supply and continues to grow in the population. However, the protein feed shortage brings a heavy burden to livestock raising worldwide (Kim et al., 2019). Developing new protein feedstuffs might be one of the important measures to solve this issue. Non-protein nitrogen could be used by ruminants via rumen microbes, and urea is a kind of widely available and cost-effective protein feed component for ruminants. Upon entering the rumen, with the urease secreted by ureolytic bacteria, urea is rapidly hydrolyzed to ammonia, and the ammonia is further utilized by ammonia-utilizing bacteria and converted to microbial crude protein (MCP), which is a kind of high-quality protein (Fuller and Reeds, 1998; Jin et al., 2018; Patra and Aschenbach, 2018). Previous studies demonstrated that the MCP could provide approximately 80% of the protein requirements for ruminant animals, especially when ruminants were fed with a low-protein diet (Abdoun et al., 2006), and increasing the urea supplementation level from 0 to 2% in the diet also could increase MCP content by 64% in the rumen (Zhang et al., 2016).

However, the feeding level of urea was limited because the hydrolysis of urea was always higher than the microbial utilization of ammonia and thus caused ammonia toxicity, a decrease in dry matter intake (Wang et al., 2016), and digestibility (Kertz, 2010). In ruminants raising, a general adaptation period of 14 to 21 days is required when using the urea in diet because ruminants showed a gradual adaptation to the non-protein nitrogen (Adejoro et al., 2020), and the mechanism was inferred as enhancing the ammonia utilization capacity of ammoniacal nitrogen-utilizing bacteria (Patra and Aschenbach, 2018). Improving the adaptation of rumen microbiota to urea-containing feed might be an efficient strategy to enhance the feeding level of urea.

Rumen microbiota transplantation could change the composition and function of rumen microbiota rapidly (Liu et al., 2019), which might have promising applications in improving the urea adaptation and utilization efficiency, but how to obtain rumen microbiota with efficient urea utilization was the major challenge. Previous studies have shown that rumen simulation systems in vitro can maintain rumen microbiota composition and function by continuously adding rumen buffer and fermentation substrates (Muetzel et al., 2009), thus producing rumen microbiota by propagation. However, there is still a lack of information about the composition and function changes during the urea adaptation period in a rumen simulation system in vitro. Therefore, we wondered how the core bacterial composition and function, as well as the urea-utilizing efficiency, changed in rumen simulation systems in vitro after a long period of urea adaptation higher than 21 days.

Herein, in this study, the rumen microbiota was batch-cultured continuously for 23 days in vitro, and we compared the fermentation parameters, urea-utilizing efficiency, and bacterial composition of the continuously batch-cultured rumen fluid with the fresh rumen fluid. As frozen microbiota was usually used in microbiota transplantation (Lee et al., 2016; Kim et al., 2021), and only a portion of rumen fluid was replaced in rumen microbiota transplantation (DePeters and George, 2014; Yin et al., 2021), the bacterial composition and function of frozen rumen fluid (stored at −80°C for 1 month) and mixed rumen fluid (1 of 4 continuously batch-cultured rumen fluid and 3 of 4 fresh rumen fluid) were also assessed. This finding might help improve the security and efficiency of using urea in the diet of ruminants.



2 Materials and methods

This research was carried out at the Animal Experimental Center of Hebei Agriculture University from January 2022 to June 2023. The experimental protocol was approved by the Ethical Committee of Hebei Agricultural University (ID: 2021091).


2.1 Animals and feed management

The rumen fluid used in this experiment was collected from 6 Hu sheep of approximately 2 years old with permanent rumen fistulas, and the sheep were housed at the Animal Experimental Center of Hebei Agricultural University. The diet was formulated according to NRC2007 (50 kg body weight, 200 g daily gain, the metabolizable energy, and crude protein content in the diet was 11.09 MJ/kg and 12.28% as dry matter basis, respectively). The feed was collected and dried at 65°C for 48 h to achieve air-dried samples, sieved through a 10-mesh sieve, and stored in a dry and sealed environment for nutrient analysis (Table 1).



TABLE 1 Composition and nutrient content of the experimental diet (dry matter basis).
[image: Table1]



2.2 Rumen fluid preparation


2.2.1 Fresh rumen fluid

Fresh rumen digesta was collected through the rumen fistula before morning feeding and was filtered through four layers of sterile gauze. Then, the rumen fluid was collected and put into a thermos flask filled with CO2, and it was brought back to the laboratory within 15 min for subsequent experiments.



2.2.2 Frozen rumen fluid

The fresh rumen fluid was collected following the previous statement and stored at −80°C for 1 month before the subsequent experiment.



2.2.3 Continuously batch-cultured rumen fluid

The microbiota in the fresh rumen fluid was continuously batch-cultured in an in vitro batch culture system for 23 days before the subsequent experiment. The rumen buffer (pH = 6.86) was prepared following the method by Menke et al. (1979), and the batch culture was conducted and modified from our previous study (Li et al., 2022). In brief, the rumen buffer was preheated in the water bath at 39°C for 30 min with CO2 to remove oxygen. In total, 30 g of feed containing urea (increased amount gradually, Figure 1) was put into a 5.5 × 4.5 cm nylon bag (300 mesh), and the nylon bag was placed into a 2 L fermentation bag. Then, 200 mL of the preheated rumen buffer and 100 mL of fresh rumen fluid (also preheated at 39°C for 30 min) were mixed and added to the fermentation bag. Four replicates were set up in this trial, and the urea used in this experiment was with purity higher than 99.0%. One round of batch culture lasted for 24 h, and gas production was measured using a graduated syringe. At the end of each round of batch culture, solid and fluid fractions were separated by filtering the digesta through four layers of sterile gauze, and the solid fraction was collected for dry matter digestibility determination; the fluid fraction was collected and mixed with the preheated rumen buffer at the ratio of 1:2 for another round of batch culture. The continuous batch culture in vitro was carried out in 23 rounds.

[image: Figure 1]

FIGURE 1
 Daily Urea Addition in diet during continuous batch culture in vitro (%DM).




2.2.4 Mixed rumen fluid

Overall, 3 of 4 fresh rumen fluid was mixed with 1 of 4 continuously batch-cultured rumen fluid before the subsequent experiment.




2.3 Rumen fermentation with different types of rumen fluid in vitro

Four treatment groups were set up, namely, RF group (fresh rumen fluid), FRF group (frozen rumen fluid at −80°C for 1 month, ice water bath for 8 h, and preheated at 39°C for 30 min before used), CRF group (continuously batch-cultured rumen fluid for 23 days), and MRF group (3 of 4 fresh rumen fluid mixed with 1 of 4 continuously batch-cultured rumen fluid).

Before rumen fermentation in vitro, the bacterial content in each group was counted. In brief, after being stained with ammonium oxalate-crystal violet and saline multiplicity dilution, the bacteria were counted using a hemocytometer under 1,000x magnification. The bacterial content was calculated as follows: Bacterial Count/ml = N/S*D*16*10*100, where N was the number of counting grid squares, S was the total number of squares counted, and D was the dilution factor. As the bacteria content in different groups was also different, the bacterial content in each group was regulated to 7.45 × 109/ml, with rumen buffer solution for rumen fermentation in vitro.

Six replicates were set up for each group, and the rumen fermentation with anaerobic condition was performed following the previous protocol (Li et al., 2022) with some modifications: 3 g of diet containing 5% urea (dry matter basis) was used as fermentation substrate, and the fermentation lasted for 48 h. Gas production was measured using a graduated syringe; 2 mL of fluid was collected at 2, 4, 6, 8, 10, 12, 24, and 48 h, respectively. At the end of the fermentation, the bags were placed in an ice water bath immediately to terminate fermentation; The nylon bag containing feed residues was rinsed three times with distilled water and then dried at 65°C for 48 h; the liquid fraction was also collected and stored at −80°C for determination of pH, MCP, and bacterial composition.



2.4 Chemical analysis

The pH of the fluid fraction was determined using an EL20-type acidimeter. The MCP protein was determined following the method described by Makkar et al. (1982), and the concentration of NH3-N was measured with the phenol-hypochlorite colorimetric method (Lv et al., 2019). Gas production parameters were calculated using the LELAG mathematical model: GP = b(1–2.718(−c(t-LAG))), where b represented theoretical gas production (ml), c represented gas production rate, and t represented time point (Wang et al., 2011). The diet substrate and undegraded residuals were dried at 65°C for 48 h, and the dry matter (DM) was determined following the AOAC method (AOAC, 2016). The digestibility of dry matter was calculated according to the formula as follows: [(Initial Dry Matter Content–Final Dry Matter Content)/Initial Dry Matter Content] × 100%.



2.5 High-throughput sequencing

Total microbial DNA was extracted from the rumen fluid samples after 48 h of rumen fermentation in vitro using the E.Z.N.A. Soil DNA Kit (Omega Bio-tek, Inc., United States), and the quality and concentration of the DNA were assessed using the Nanodrop 2000 (Thermo Fisher Scientific, Inc., United States). The V3-V4 regions of the 16S rRNA gene were amplified with the primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) using an ABI 9700 PCR instrument (Applied Biosystems, Inc., USA). The PCR amplification system consisted of 1 μL of forward primer (5 μM) and reverse primer (5 μM), 3 μL of DNA template (30 mg total template), 3 μL of BSA (2 ng/μl) and ddH2O, and 12.52 μL of Taq Plus Master Mix. The PCR amplification program was as follows: pre-denaturation for 5 min (95°C), denaturation for 45 s (95°C), annealing for 50 s (55°C), extension for 45 s (72°C) for 28 cycles, and extension for 10 min (72°C). The PCR products were purified using the Nucleic Acid Purification Kit (Agencourt AMPure XP, Beckman Coulter, Inc., United States), and finally, high-throughput sequencing was performed on the Illumina Miseq platform (Illumina, Inc., United States), following our previous study (Li et al., 2022).



2.6 Bioinformatic analysis

After filtering out the low-quality reads with a quality score lower than 20 over a 50 bp sliding window and sequences with reads shorter than 50 bp with Trimmomatic (v0.36; Gong et al., 2019), the sequencing raw data were assembled using Pear (v0.9.6) software. Vsearch (version 2.0.3) was then used to remove short sequences and chimeras in assembled sequences. Representative sequences were aligned at the Silva138 database with a 97% sequence similarity threshold, to generate operational taxonomic units (OTUs). The α-diversity and β-diversity indexes were analyzed using QIIME (v1.8.0) software.



2.7 Statistical analysis

The rumen fermentation parameters after 48 h of rumen fermentation in vitro, including DM digestibility, 48 h cumulative GP, theoretical GP, pH, and MCP, were analyzed using one-way ANOVA, and comparison was performed with Duncan’s method using SPSS 26.0 software; the area under the curve (AUC) of dynamic changes in NH3-N content in rumen fluid was calculated, changes in rumen microbial community structure were analyzed based on principal component analysis and ANOSIM statistics, and RandomForest analysis was performed with the RandomForest package using R software (v4.1.2) with ntree = 10,000, mtry = p/3, where p is the number of bacterial taxa, and signature bacteria were screened by increasing mean squared error (%IncMSE) and cross-validation. Data were expressed as means and standard error of means (SEM), and p < 0.05 was considered significantly different.




3 Results


3.1 Dynamic changes in gas production and dry matter digestibility during continuous batch culture in vitro

During the first 13 days of gradually increasing urea addition from 0 to 5%, the gas production showed obvious fluctuations from 58.87 mL/g to 77.18 mL/g. While the urea addition was stabilized at 5% after 13 days of fermentation, the gas production became relatively stable at approximately 70.26 mL/g. The dry matter digestibility remained stable with an average of approximately 34.74% over 23 days of continuous rumen batch culture in vitro (p > 0.05, Figure 2).
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FIGURE 2
 Dynamic changes of gas production and dry matter digestibility during continuous batch culture in vitro.




3.2 Bacterial count of continuous fermentation fluid

After 23 days of continuous batch culture, the bacterial counts in the CRF group were approximately 3.4 × 1010, significantly lower than that in fresh rumen fluid (7.54 × 109) but still higher than that in frozen rumen fluid (2.48 × 1010; p < 0.05; Table 2).



TABLE 2 Bacterial counts in rumen fluid during continuous batch culture in vitro.
[image: Table2]



3.3 The effects of continuously batch-cultured rumen fluid on fermentation parameters in vitro

To confirm the function of the microbial community after continuous rumen batch culture in vitro, the fermentation parameters of four groups were compared. The results showed that both the 48 h cumulative and theoretical gas production of the CFR group were significantly lower than those of the RF and MRF groups (p < 0.05), but no significant difference was detected in the DM digestibility, pH, and MCP concentration between the groups (p > 0.05; Table 3).



TABLE 3 Ruminal fermentation parameters of different groups in vitro.
[image: Table3]



3.4 The NH3-N utilization efficiency of rumen microbiota after continuous rumen batch culture in vitro

As the microbiota of rumen fluid was domesticated after continuous batch culture in vitro, we wondered whether the NH3-N utilization efficiency would increase. Here, we observed the fold change in NH3-N concentrations against its initial concentration at 0 h of fermentation, which significantly differed between the groups after 48 h of in vitro fermentation. The highest NH3-N concentration in the FRF, RF, and MRF groups was after 6–8 h of batch culture, with NH3-N concentrations rising 4.2, 3.1, and 2.4 times, respectively, while that in the CRF group was at 4 h, with NH3-N rising approximately 1.5 times (Figure 3A). The area under the curves of dynamic NH3-N content in the CRF group was also significantly lower than that in the RF, FRF, and MRF groups (Figure 3B; p < 0.05).
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FIGURE 3
 The NH3-N utilization efficiency of microbiota after continuous rumen batch culture in vitro. (A) dynamic change of NH3-N content with rumen batch culture in vitro; (B) the area under the curve of the dynamic change of NH3-N content with rumen batch culture in vitro. RF, Fresh rumen fluid; FRF, Frozen rumen fluid; CRF, Continuously batch-cultured rumen fluid; MRF, Mixed rumen fluid by 1/4 CRF and 3/4 RF.




3.5 Bacterial composition in rumen fluid after batch culture in vitro

With high-throughput sequencing of 16S rRNA genes, 29 phyla, 62 classes, 130 orders, 205 families, and 337 genera were identified. Both Chao1 and Shannon indexes of the CRF group and FRF group showed significantly lower compared with that of the RF group (p < 0.05; Figure 4). A significant difference in the microbial community structure among the RF, FRF, CRF, and MRF groups with PCoA analysis was also observed (R = 0.9798; ANOSIM, p = 0.001; Figure 5). The PC1 axis explained 48.48% of the variance, while the PC2 axis explained 26.72% of the variance of microbial community structure (Figure 5). This finding suggested that continuous batch culture or frozen treatment could lead to a reduction in microbial diversity.

[image: Figure 4]

FIGURE 4
 Comparing the alpha diversity index between groups. (A) shannon index between groups; (B) Chao1 index between groups. RF, Fresh rumen fluid; FRF, Frozen rumen fluid; CRF, Continuously batch-cultured rumen fluid; MRF, Mixed rumen fluid by 1/4 CRF and 3/4 RF.


[image: Figure 5]

FIGURE 5
 PCoA analysis based on Bray–Curtis distance at OTU level. RF, Fresh rumen fluid; FRF, Frozen rumen fluid; CRF, Continuously batch-cultured rumen fluid; MRF: Mixed rumen fluid by 1/4 CRF and 3/4 RF.


At the phylum level, Bacteroidota, Firmicutes, and Proteobacteria were the top three dominant phyla (relative abundances higher than 5%); however, the relative abundances of the dominant phyla differed between groups (p < 0.05). Bacteroidota were the most dominant phylum in the RF group and MRF group, accounting for 60.21 and 60.78%, respectively, which were significantly higher than that of the FRF and CRF groups (33.54 and 24.97%, P<0.05). Firmicutes were the second most abundant phylum, on average, and it was the most dominant phylum in the FRF group and CRF group, accounting for 51.03 and 37.53%, respectively, which were significantly higher than that in the RF group and MRF group (25.37 and 14.98%, P<0.05). Proteobacteria had the highest abundance in the CRF group, accounting for 33.81%, which was significantly higher than that in the other three groups (p < 0.05), with 9.7, 11.48, and 20.6%, respectively. In addition, compared with the RF group, Spirochaetota and Verrucomicrobiota showed a significant decrease in the abundance in the CRF group (P<0.05; Table 4).



TABLE 4 The relative abundance of bacterial composition in different groups at phylum level (%).
[image: Table4]

At the genus level, Prevotella, Succinivibrio, F082, and Rikenellaceae_RC9_gut_group were the dominant genera with relative abundances higher than 5% in both of the RF and MRF groups; For the FRF group, Streptococcus, Bacteroides, Megasphaera, Prevotella, Succinivibrio, and Rikenellaceae_RC9_gut_group were the dominant genera. For the CRF group, Succinivibrio, Prevotella, and Megasphaera were the dominant genera. The relative abundances of Prevotella, F082, and Rikenellaceae_RC9_gut_group in the CRF group were significantly lower than that in the RF and MRF groups (p < 0.05). In addition, the abundance of Succinivibrio in the CRF group was significantly higher than that in the RF and MRF groups by 5.4 and 1.9 times, respectively (p < 0.05); the relative abundance of Megasphaera in the CRF group was significantly higher than that in the RF and MFR groups by 25.5 and 9.1 times, respectively (p < 0.05; Table 5).



TABLE 5 Relative abundance of bacterial composition in different groups at the genus level (%).
[image: Table5]



3.6 Core bacteria in rumen fluid after batch culture in vitro

The core bacteria refer to the bacteria that exist in over 80% of all the samples. We observed that 155 OTUs out of the total 2,261 OTUs were core bacteria in all samples, and these core OTUs accounted for 77.5, 86.9, 90.1, and 85.0% in the abundance in the RF, FRF, CRF, and MRF groups, respectively. Moreover, the core bacteria that were identified mainly belonged to the five dominant genera, namely, Succinivibrio, Prevotella, Streptococcus, F082, and Megasphaera, whose average abundances among all samples were 20.1, 12.7, 9.1, 7.0, and 5.1%, respectively. In the CRF group, the core bacteria of Succinivibrio, Prevotella, and Megasphaera were effectively retained after 23 days of continuous batch culture, and the abundance of Succinivibrio was significantly higher than that in the other three groups (p < 0.05; Figure 6).
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FIGURE 6
 Relative abundance of core bacteria between groups. RF, Fresh rumen fluid; FRF, Frozen rumen fluid; CRF: Continuously batch-cultured rumen fluid; MRF, Mixed rumen fluid by 1/4 CRF and 3/4 RF.




3.7 Prediction of bacterial taxa associated with the NH3-N utilization efficiency

The area under the curve (AUC) was used to identify bacterial taxa that were associated with the NH3-N utilization efficiency. We observed that eight genera were highly associated with the AUC of dynamic changes in NH3-N content by cross-validating the error curves, including Streptococcus, Succinivibrio, Clostridium_sensu_stricto_1, p.251.o5, Oxalobacter, Bacteroidales_UCG.001, p.1088.a5_gut_group, and Elusimicrobium, which could explain 75.72% of the variation of the AUC of dynamic change in NH3-N content in different groups (Figure 7).

[image: Figure 7]

FIGURE 7
 Bacteria associated with the area under the curve (AUC) of dynamic changes of the NH3-N content with the RandomForest model.





4 Discussion

Gas production and dry matter digestibility are important indicators, reflecting the function of rumen (Pashaei et al., 2010; Zhang M. et al., 2022). Previous studies reported controversial effects of urea supplementation on gas production and dry matter digestibility (Salem et al., 2013; Spanghero et al., 2018; Muthia et al., 2021; Kour et al., 2023), and we detected that bacterial counts decreased but gas production and dry matter digestibility were stable over a 23-day continuous batch culture of rumen microbiota under high urea condition. The theory of functional redundancy in rumen microbiota might support these observations (Wemheuer et al., 2020; Sasson et al., 2022), and we inferred that functional redundant microbes might be partially removed, while core bacteria associated with dry matter digestion might be preserved after 23 days of continuous batch culture.

We then looked into the changes in rumen microbiota after 23 days of continuous batch culture. We observed that microbial diversity significantly changed, but the majority of the removed microbes were non-core members, increasing the proportion of core bacteria. At the phylum level, Bacteroidota, Firmicutes, and Proteobacteria were the dominant phyla in all groups, which was consistent in previous studies (Li et al., 2020). At the genus level, the core bacteria were found mainly in five genera, namely, Succinivibrio, Prevotella, Streptococcus, F082, and Megasphaera. Among them, Succinivibrio was related to the utilization of soluble sugars to produce lactate, acetate, formate, and propionate (Li et al., 2020; Wang Y. et al., 2021; Wang Z. et al., 2021); Prevotella is a dominant rumen genus that plays important roles in nitrogen metabolism (Henderson et al., 2015) and hemicellulose degradation(Mizrahi et al., 2021); Streptococcus, as one of the dominant genera, belongs to acid-tolerant bacteria (Khafipour et al., 2009) and is negatively correlated with cellulose degradation (Chuang et al., 2020); F082 was found to be a core genus in rumen fluid and was sensitive to feed components (Hinsu et al., 2021; Choi et al., 2022), it has been reported that F082 is positively correlated with the propionate production (Ma et al., 2020); Megasphaera was often accompanied with Sharpea spp., which can increase butyrate production (Kamke et al., 2016). These findings indicated that bacterial composition might be significantly affected after continuous batch culture of rumen microbiota, and the core bacteria retained.

The nitrogen utilization efficiency of rumen microbiota can be directly reflected by the concentration of NH3-N in rumen fluid (Patra and Aschenbach, 2018; Guo et al., 2022), and it has been shown that the addition of non-protein nitrogen to the diet significantly increased the NH3-N concentration in the rumen (Xu et al., 2019). Microbiota in the rumen was able to fully utilize NH3-N to synthesize MCP when NH3-N concentrations ranged from 6.3 to 27.5 mg/dL (Satter and Slyter, 1974; Murphy and Kennelly, 1987). In the current study, when 5% urea was added to the diet, the NH3-N concentrations of all groups were higher than the maximum suitable concentration (27.5 mg/dL), but a significant reduction in ammoniacal nitrogen was found after continuous batch culture of rumen microbiota, which might be caused by the adaptive evolution of microbial communities in the rumen after continuous batch culture of rumen microbiota under high urea condition. Additionally, we also observed that the nitrogen utilization efficiency of the mixture of fresh rumen fluid and continuously batch-cultured rumen fluid (3 of 4 fresh rumen fluid mixed with 1 of 4 continuously batch-cultured rumen fluid) was also enhanced, which indicated that the nitrogen utilization efficiency might also be enhanced by rumen microbiota transplantation with only a portion of rumen fluid was replaced in the rumen (DePeters and George, 2014; Yin et al., 2021).

We then looked into the core bacteria potentially associated with the NH3-N utilization efficiency. After 23 days of continuous batch culture, the urea treatment led to an increase in the abundance of Proteobacteria and a decrease in the abundance of Bacteroidota, which is consistent with the findings of previous studies by adding 0.5% urea (Jin et al., 2016). Proteobacteria exhibited the highest abundance after continuous batch culture under high urea concentration, which is always found in a disrupted rumen microbial ecology or an unstable gut microbial community structure (Shin et al., 2015), and this might be a limitation of the current in vitro continuous fermentation system; further research is still needed on the safety of applying artificially domesticated microbial populations. With the RandomForest model, we observed that Streptococcus, Succinivibrio, Clostridium_sensu_stricto_1, p.251.o5, Oxalobacter, Bacteroidales_UCG.001, and p.1088.a5_gut_group explained 75.72% of the variation in NH3-N utilization efficiency. Strains from Succinivibrio and Streptococcus could produce urease that catabolizes metabolized urea (Sissons and Hancock, 1993; Zotta et al., 2008; Pope et al., 2011), and Succinivibrio exhibited higher abundance in urea-added fermenters (Jin et al., 2016) and positively correlated with ammonia levels in the rumen (Zhang Y. et al., 2022). Clostridium_sensu_stricto_1 was also related to nitrogen utilization (Zhou et al., 2021) and positively correlated with ammonia concentration in the rumen (Chen et al., 2023; Zhao et al., 2023), which could convert nitrate into ammonia (Chen et al., 2023). There is also evidence that Clostridium_sensu_stricto_1 is positively correlated with a high-protein diet (Fan et al., 2017), indicating its possible involvement in protein degradation. The strains from p.251.o5 and Bacteroidales_UCG.001 had not been successfully cultured (Mu et al., 2022), and their functions were still unclear. Oxalobacter was found to be associated with oxalate metabolism (Stewart et al., 2004). The p.1088.a5_gut_group shows higher abundance in the rumen of goats with high ammonia nitrogen utilization efficiency (Li et al., 2019), indicating its potential role in ammonia utilization. Elusimicrobium is a type of ultramicrobacteria that can use nitrogen with group IV nitrogenase (Zheng et al., 2016; Shelomi et al., 2019). Thus, specific taxa have been found to contribute to the enhancement of NH3-N utilization efficiency in the rumen.



5 Conclusion

After continuous batch culture of rumen microbiota under high urea conditions, the core functions and bacterial taxa were retained, and the NH3-N utilization efficiency increased. Streptococcus, Succinivibrio, Clostridium_sensu_stricto_1, p.251.o5, Oxalobacter, Bacteroidales_UCG.001, and p.1088.a5_gut_group had been identified to contribute to the enhancement of NH3-N utilization efficiency. These findings indicated that we could achieve rumen microbiota with remaining core bacteria and function and increase NH3-N utilization efficiency by continuous batch culture of rumen microbiota in vitro, which would provide potential applications in improving the efficiency and safety of non-protein nitrogen utilization in ruminants by rumen microbiota transplantation or manipulating the bacterial composition.
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Introduction: This study investigated the effects of rumen-protected sulfur-containing amino acids (RPSAA) on the rumen and jejunal microbiota as well as on the metabolites and meat quality of the longissimus lumborum (LL) in Tibetan sheep.

Methods: By combining 16S rDNA sequencing with UHPLC-Q-TOF MS and Pearson correlation analysis, the relationship between gastrointestinal microbiota, muscle metabolites and meat quality was identified.

Results: The results showed that feeding RPSAA can increase the carcass weight, abdominal fat thickness (AP-2 group), and back fat thickness (AP-2 and AP-3 group) of Tibetan sheep. The water holding capacity (WHC), texture, and shear force (SF) of LL in the two groups also increased although the fatty acids content and brightness (L*) value significantly decreased in the AP-2 group. Metabolomics and correlation analysis further showed that RPSAA could significantly influence the metabolites in purine metabolism, thereby affecting L* and SF. In addition, RPSAA was beneficial for the fermentation of the rumen and jejunum. In both groups, the abundance of Prevotella 1, Lachnospiraceae NK3A20 group, Prevotella UCG-003, Lachnospiraceae ND3007 group in the rumen as well as the abundance of Eubacterium nodatum group and Mogibacterium group in the jejunum increased. In contrast, that of Turicibacter pathogens in the jejunum was reduced. The above microorganisms could regulate meat quality by regulating the metabolites (inosine, hypoxanthine, linoleic acid, palmitic acid, etc.) in purine and fatty acids metabolism.

Discussion: Overall, reducing the levels of crude proteins in the diet and feeding RPSAA is likely to improve the carcass quality of Tibetan sheep, with the addition of RPMET (AP-2) yielding the best edible quality, possibly due to its ability to influence the gastrointestinal microbiota to subsequently regulate muscle metabolites.
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 Tibetan sheep; rumen protected sulfur-containing amino acids (RPSAA); meat quality; metabolomics; gastrointestinal microbiota


Introduction

Tibetan sheep, a unique local breed in the Qinghai Tibet region of China, exhibits great adaptability to harsh environments, including cold weather, hypoxia and nutrient scarcity (Su et al., 2022). Studies have found that Tibetan sheep meat possesses desirable qualities in terms of its fresh and tender taste, its high protein but low fat content, its diverse types of amino acids as well as its rich aroma (Zhang et al., 2022a). These attributes actually fulfil the dietary requirements of modern consumers. However, in recent years, ecological factors, along with the limited availability of grassland areas, have gradually shifted the grazing practices in animal husbandry to housed or semi-housed feeding (Zhang et al., 2022b). As a result, this has led to an increased demand for protein feed to promote animal growth. In addition, the incomplete digestion and absorption of dietary proteins by animals increases the emission of nitrogen pollutants, thereby resulting in environmental pollution (Hristov et al., 2011) that subsequently restricts the development of animal husbandry (Qi et al., 2023). However, in an attempt to address the issue, researchers have found that supplementing animal diets with rumen-protected amino acids (RPAA) can lower the level of dietary proteins and hence, reduce nitrogen emission (Ma et al., 2010; Kamiya et al., 2021).

Sulfur containing amino acids (SAA) include methionine (MET), cysteine (CYS), cystine, taurine, etc. MET and CYS are considered to be the main SAAs because they are typical amino acids involved in protein synthesis (Brosnan and Brosnan, 2006). MET is the only sulfur-containing essential amino acid in animal growth, and it is involved in protein synthesis, methylation cycle, polyamine production, sulfur transfer pathway and other important metabolic reactions in animals (Finkelstein, 1990). CYS can be used as a precursor of important bioactive substances such as glutathione, hydrogen sulfide and taurine, thus playing antioxidant, digestive and immune roles (Blachier et al., 2020). Some studies have reported that dietary SAA supplementation has important nutritional significance for animal gastrointestinal development. Zhong et al. studied the effect of DL-Met addition on the intestinal development of young pigeons and found that 0.3% DL-Met could improve the intestinal morphology and structure of pigeons by activating Wnt/β-catenin signaling pathway (Zhong et al., 2022). Gu et al. (2021) added 20 gm/day of RPMET to the diet of dairy cows in the middle of lactation to promote rumen fermentation and increase the beneficial microorganisms such as Acetobacter, saccharofermentan, Thermoactinomyces and so on that promote milk synthesis. Similarly, Ding et al. (2019) found that adding 0.4% CYS to the piglet diet can improve the level of antioxidant stress metabolites in the plasma by increasing the abundance of Lactobacillus and pseudobutyrivibrio in the intestine. Ni et al. (2021) showed that providing 0.4 and 0.5% of CYS to the piglet mother would reduce the level of Firmicutes in the piglet colon and increase the level of Bacteroides. This change may affect the lipid metabolism of piglets. With further research, it was found that adding SAA also had an impact on meat quality. Lebret et al. (2018) found that adding 1.1% MET to the pig diet can improve the final pH value of pork and reduce drip loss, brightness and hue. Similarly, adding a high level of MET (21.36%) to the diet of arbor acres broilers also improved the pH value of broilers and significantly reduced the brightness and cooking loss (Wen et al., 2017). On the other hand, Conde Aguilera et al. found that providing sufficient SAA (0.46% MET and 0.70% MET+CYS) to piglets would increase the protein and water content of longissimus muscle of pig waist and reduce the content of fat, ash and total amino acids (Conde-Aguilera et al., 2010). The above results show that SAA supplementation in the diet will have an impact on gastrointestinal microorganisms and meat quality of livestock and poultry, However, there is a limited body of research examining the impact of dietary supplementation with MET and CYS on the gastrointestinal tract and meat quality of Tibetan sheep.

The rapid development of metabolomics made it possible for scientists to delve deeper into research on metabolites and meat quality. For example, studies by Zhang et al. found that changes in the metabolic pathways of amino acids, lipids and carbohydrates in muscles altered metabolite levels that subsequently influenced the tenderness and flavor of meat (Zhang et al., 2022a,b). Similarly, MET, LYS and CYS are essential bioactive molecules that participate in key metabolic pathways in the body (Watanabe et al., 2020; Gondret et al., 2021), and as such, changes in their levels may also exert similar effects. In addition, rumen microorganisms are of great significance in animal nutrition digestion, absorption and metabolism (Zhang et al., 2020). Studies from Ding and Burrin showed that adding amino acids to animal diets can provide energy for the small intestine, increase the abundance of intestinal microbiota as well as maintain intestinal integrity (Burrin and Reeds, 1997; Ding et al., 2019). In this context, studies by Ma et al. (2023) revealed that feed additives could influence muscle metabolites and improve meat quality by altering the composition of rumen microorganisms in Tibetan sheep. In a similar vein, Zhiwei (Zhao et al., 2021) found that supplementing the diet of lactating yaks with RPMET and RPLYS could alter the composition of their rumen bacteria, influence the rumen fermentation environment and metabolism and ultimately alter the synthesis of metabolites in milk. Based on the above, the current study hypothesized that RPLYS, RPMET and RPCYS have the potential to modulate the gastrointestinal microbiota of Tibetan sheep, thereby affecting muscle metabolites and meat quality.

At present, the price of protein feed is becoming increasingly expensive, and high protein feed will increase animal nitrogen excretion and cause serious environmental pollution (Wei et al., 2023). In order to save the feeding cost, we need to reduce the protein level of feed, which will lead to the reduction of growth performance of livestock and poultry due to insufficient nutrition, and have a negative impact on meat quality (Zhang et al., 2024). The study found that maintaining a better amino acid balance at a low protein level can improve the utilization rate of protein raw materials, effectively relieve the current pressure of resource supply and demand, and achieve a win-win situation in productivity and environmental benefits (Liu et al., 2024). Therefore, this work applied 16S rDNA and metabolomics techniques to investigate the effects of rumen-protected sulfur-containing amino acids (RPSAA) on the gastrointestinal microbiota and muscle metabolites of Tibetan sheep. Correlation analysis was subsequently used to reveal the relationship between Tibetan sheep meat quality, gastrointestinal microbiota and muscle metabolism, thereby elucidating the mechanism through which RPSAA influences the meat quality. It is expected that the results of this study will be of significance to determine the optimal amount and specific types of RPAA to be added to Tibetan sheep feed, hence helping to reduce the level of feed protein, save feed protein resources, reduce feeding costs, while reducing environmental pollution and promoting the sustainable development of animal husbandry in the Qinghai Province.



Materials and methods


Experimental animals, slaughter and collection of meat samples

Ninety healthy female Tibetan sheep of 2–3-month-old and with an initial weight of 13.5 kg were randomly divided into three groups (n = 30). For the first group (AP-1, ordinary amino acid group), regular lysine and regular methionine were added to the diet in a ratio of 3 kg: 1 kg. The diet of the second group (AP-2, RPAA group) was supplemented with rumen-protected lysine (RPLYS) and rumen-protected methionine (RPMET) in a ratio of 1.5 kg: 0.5 kg group, while for the third one (AP-3, RPCYS group), RPLYS, RPMET and rumen-protected cysteine (RPCYS) were added in a ratio of 1.5 kg: 0.25 kg: 0.25 kg. The latter two, namely the AP-2 and AP-3 groups, were also referred to as the RPSAA group. All animals were fed separately at 8:00 am and 18:00 pm and following a 7-day adaptation period, they were subjected to the experimental conditions for 120 days during which they had free access to feed and water. The composition and nutritional level of the diets are shown in Supplementary Table S1.

At the end of the experiment, the test animals were transported to a nearby commercial slaughterhouse where, after 24 h of fasting and 2 h of water deprivation, they were slaughtered according to established animal welfare procedures. The longissimus lumborum (LL) between the 9th and 11th ribs was then collected and after removing the fat and fascia, it was kept in dry ice until transport to the laboratory where it was stored in a refrigerator at −80°C. In addition, the rumen and jejunum were cut open to collect the contents which were subsequently filtered through four layers of sterile gauze. The pH value of 50 mL of rumen fluid was then immediately measured. The rumen fluid and jejunum contents were also divided between frozen storage tubes and stored in a liquid nitrogen tank before being transported to the laboratory where they were stored at −80°C.



Analysis of the carcass quality

To analyze the carcass quality, the body size index of Tibetan sheep was first measured before slaughter. The carcass weight (CW) – the weight of the slaughtered Tibetan sheep after full bloodletting – was then determined. The fur, head, hoof, tail and viscera (kidney and suet) were also removed and weighed before measuring the following: the body height (BH) which was the vertical distance from the highest point of the jaguar to the ground, the body length (BL) which was the linear distance from the front end of the scapula to the back end of the ischium and the chest circumference (CC) which was the length of the posterior edge of the scapula around the chest vertically. Furthermore, during the process of carcass segmentation, cross sections were made between the 12th and 13th ribs, with the cross section of the eye muscles depicted with sulfuric acid paper. This was followed by measurements of the fat thickness using a vernier caliper. In particular, the rib fat thickness (RFT – located 110 mm from the midline of the spine), the back fat thickness (BFT – located directly above the middle of the eye muscles) and the abdominal fat thickness (AFT – located 127 mm from the midline of the spine) were determined.



Analysis of meat quality


Meat edible quality and nutritional component analysis

After slaughter, part of the LL of Tibetan sheep was used for colorimetric measurements. This involved using a PHSJ-4A colorimeter (Shanghai, China) that had been calibrated with a black and white standard plate to measure brightness (L*), redness (a*), and yellowness (b*). The pH of the meat after 45 min (pH45min) and 24 h (pH24h) were also determined by inserting the probe of a calibrated pH meter (PHSJ-6 L, Shanghai, China) into a previously marked area on the meat surface.

Meat samples stored at −80°C were weighed before (W1) and after thawing at 4°C for 12 h (W2) to determine the thawing loss as follows: thawing loss (%) = (W1-W2)/W1. After thawing meat samples, the surface moisture was dried and the weight (M1) was recorded. They were then kept in a steaming bag and heated for 20 min in a water bath at 85°C. The samples were subsequently dried and weighed (M2) to determine the cooking loss (%) as (M1-M2)/M1. In addition, weighed meat samples (Q1) were placed in a steaming bag and heated in water bath at 85°C for 40 min before recording the new weight (Q2). From the readings, the cooked meat rate (%) was then calculated as Q2/Q1. The rate of water loss was also measured using the MAEC-18 series hydraulic tester (Nanjing, China). This involved applying a pressure of 350 N to a meat block (N1) of 1 cm × 1 cm × 1 cm. Based on the amount of water lost of the meat block after applying pressure (N2), the rate of water loss rate (%) was then calculated as N2/N1. The shear force (SF) was determined using the MAQC-12 shear force instrument (Nanjing, China). In this case, the meat samples were first heated at 80°C in a water bath until the center temperature reached 70°C. Readings were then taken using 1 cm × 1 cm × 3 cm long strips, with the muscle fibers being perpendicular to the cutting tool during the measurement. The final measurements involved assessing the texture properties, such as the hardness, elasticity, stickiness, adhesiveness, cohesion and chewiness of the meat, using a texture analyzer (Universal TA, Shanghai, China).

The nutritional composition of the meat was also determined using recognized methods of the Association of Analytical Chemists (AOAC, 2000), while the moisture content was measured by drying the samples in an oven at 103 ± 2°C. In addition, the protein and fat content were determined using the Kjeldahl method and the Soxhlet extraction method, respectively. For all samples, triplicate measurements were taken in parallel.



Analysis of the amino acids and fatty acids

The composition of amino acids was determined with an Agilent 1,290 Infinity LC ultra-high performance liquid chromatography (Beijing, China) and a 5,500 QTRAP mass spectrometer (Beijing, China). For this purpose, 60 mg of meat sample was mixed with a methanol-acetonitrile mixture in a volume ratio of 1:1. This was followed by the addition of 50 ul of an internal standard mixture (16 isotope internal standards) and after vortex mixing, ultrasound was applied for 30 min (cycling twice). Finally, the protein was precipitated by allowing the mixture to stand at −20°C. The supernatant was subsequently centrifuged and freeze-dried prior to storage at −80°C. The parameters for high-performance liquid chromatography and mass spectrometry were as described by Zhang et al. (2022b). Basically, this involved an injection volume of 1 ul, a column temperature of 40°C and a flow rate of 250 ul/min for the chromatographic separation. In addition, the mobile phase A consisted of 25 mM ammonium formate and 0.08% of aqueous FA solution, while mobile phase B consisted of 0.1% FA acetonitrile. Similarly, the mass spectrometry was performed under the following conditions: a source temperature of 500°C, ion Source Gas1 (Gas1): 40, Ion Source Gas2 (Gas2): 40, Curtain gas (CUR): 30 and an ionSapary Voltage Floating (ISVF) of 5,500 V. The ion pairs being tested were then detected using the MRM mode.

To determine the fatty acids composition, GC–MS was performed as previously described (Zhang et al., 2022b). Lipids were first extracted from 50 mg of accurately-weighed Tibetan sheep meat sample using chloroform-methanol (2:1, v/v) solution. Standard solutions of fatty acid methyl esters were then prepared using n-hexane prior to gas chromatography under the following conditions: a Thermo TG-FAME capillary column (50 m * 0.25 mm ID * 0.20 μm) for the separation, a sample inlet temperature of 250°C, an ion source temperature of 300°C, a transmission line temperature of 280°C and helium at a flow rate of 0.63 mL/min as the carrier. Furthermore, the programmed heating conditions consisted of an initial temperature of 80°C that was maintained for 1 min. It was then raised to 160°C at a rate of 20°C/min and maintained for 1.5 min before being raised to 196°C at a rate of 3°C/min. This temperature, maintained for 8.5 min, was subsequently raised to 250°C at a rate of 20°C/min and maintained for 3 min. For mass spectrometry analysis, a Thermo Trace 1,300/TSQ 9000 gas-mass spectrometry (Shanghai, China) was used with an electron bombardment ionization (EI) source and a SIM scanning method. In addition, an injection port temperature of 280°C, an ion source temperature of 230°C, a transmission line temperature of 250°C and an electron energy of 70 eV were applied. Finally, draw the calibration curve (Supplementary Table S2) and calculate the content of fatty acids in the sample.




Analysis of non-target metabolites in meat samples

Non-target metabolites in the meat samples were identified using ultra-high performance liquid chromatography tandem time of flight mass spectrometry (UHPLC-Q-TOF MS). An extraction solution consisting of methanol/acetonitrile/water solution (2:2:1, v/v) was first added to 100 mg of meat samples that had been thawed at 4°C. The mixture was then vortexed and after applying ultrasound, it was centrifuged, with the resulting supernatant subsequently vacuum dried. A 50-ul mixture of acetonitrile and water (1:1, v/v) was then added prior to vortex mixing and centrifugation. The final supernatant was analyzed with an Agilent 1,290 Infinity LC Ultra-High Performance Liquid Chromatography (UHPLC) (Beijing, China) HILIC column using a column temperature of 25°C and a sample injection volume of 2 ul. Elution was achieved using mobile phase A (water±25 mM ammonium acetate ± 25 mM ammonia) and mobile phase B (acetonitrile) at a flow rate of 0.5 mL/min, with the elution gradient being as described by Zhang et al. (2022a).

A Triple TOF 6600 mass spectrometer (AB SCIEX) (Beijing, China) was used for mass spectrometry analysis, with the positive and negative ion modes of electric spray ionization (ESI) used for detection. The ESI source conditions were set as follows: atomizing gas auxiliary heating gas 1 (Gas1): 60, auxiliary heating gas 2 (Gas2): 60, curtain gas (CUR): 30 psi, ion source temperature: 600°C, spray voltage (ISVF) ± 5,500 V (positive and negative modes).

After all measurements, data processing, including peak alignment, retention time correction and peak area extraction, was performed with the XCMS software. The results were subsequently analyzed using SIMCA software (version 14.0) to determine differences between the groups. In particular, functional annotation of differential metabolites and the identification of their corresponding metabolic pathway were performed using the Kyoto Encyclopedia of Genes and Genomes database (KEGG, www.genome.jp/kegg).



The composition of gastrointestinal microbiota

A 50-ml centrifuge tube was filled with filtered gastric juice to determine its pH. In addition, for the gastric juice and jejunal contents, ammoniacal nitrogen measurements were obtained using alkaline sodium hypochlorite phenol spectrophotometry, while gas chromatography allowed the identification of their short chain fatty acids (SCFAs).

To determine the gastrointestinal microbiota, gastric juice and jejunal content were collected in a cryopreservation tube and immediately frozen in liquid nitrogen for storage at −80°C. Amplification and sequencing of the V3-V4 variable region were then performed on the Illumina NovaSeq 6,000 sequencing platform as described by Zhang et al. (2022a). Basically, DNA was extracted from thawed samples before generating amplicons by PCR. In this case, the resulting PCR products were detected by 2% agarose gel electrophoresis, with the AxyPrepDNA gel recovery kit (AXYGEN Company) and the QuantiFluor™—ST Blue Fluorescence Quantitative System (Promega Company) subsequently used for recovery and quantification. The PCR products were then mixed and purified before library preparation using the NEB Next® Ultra™ DNA Library Prep Kit. The quality of generated libraries was eventually assessed with an Agilent Bioanalyzer 2,100 and Qubit prior to sequencing.

After sequencing, paired end reads were merged with FLASH software. Sequences were then clustered into OTUs at a similarity level of ≥97% using UPARSE software, with the annotation and classification of the representative sequence in each OTU subsequently performed using an RDP classifier. Finally, the results were processed to analyze various indicators.



Statistical analysis

SPSS 25.0 was used to analyze the carcass quality, muscle quality (edible quality, nutrition quality, AA, FA), muscle metabolites and gastrointestinal microbiota of Tibetan sheep. All data were expressed as mean ± standard error (SE), with p-values <0.05 indicating significant differences. Pearson correlation was also used to analyze the relationship between gastrointestinal microbiota, muscle metabolites and meat quality. In this case, p-values <0.05 and |r| values >0.05 were indicative of significant correlation between the parameters. Figdraw eventually allowed the mapping of the potential mechanisms that link gastrointestinal microbiota, muscle metabolites and meat quality.




Results


Carcass quality

The effects of adding RPSAA on the carcass quality of Tibetan sheep are shown in Table 1. Overall, there were no significant differences between the BSL, BH, CC, RFT and EMA of the three groups (p > 0.05). However, the BFT of the AP-2 and AP-3 groups was significantly higher than that of AP-1 (p < 0.05), with the AFT of AP-2 being also significantly higher than that of AP-1 (p < 0.05), and CW of AP-2 is significantly higher than that of AP-3 (p < 0.05). These results suggest that adding RPSAA can improve the carcass quality of Tibetan sheep.



TABLE 1 Effects of adding RPSAA on the carcass quality of Tibetan sheep.
[image: Table1]



Meat quality


Edible quality and nutritional composition of meat

As shown in Table 2, the addition of RPSAA had little effect on the pH45min, pH24h, redness (a*), yellowness (b*), thawing loss, cooked meat rate, water holding capacity and some texture parameters (elasticity, viscosity, cohesion, masticatory) of Tibetan sheep meat (p > 0.05). However, the brightness (L*) and cooking loss (CL) of the AP-2 group were significantly lower than those of the AP-1 group (p < 0.05). It is worth noting that there were significant differences in SF between the three groups (p < 0.05), with the order being as follows: AP-1 < AP-2 < AP-3. However, except for SF, other indicators were not significantly different between the AP-3 and the AP-1 groups. Meanwhile, the hardness of the AP-2 group was significantly higher than that of the other two groups (p < 0.05), while its adhesiveness was significantly higher than that of AP-1 (p < 0.05).



TABLE 2 Effects of adding RPSAA on the edible and nutritional quality of longissimus lumborum of Tibetan sheep.
[image: Table2]

Water, crude protein and crude fat are routinely present in muscles. As shown in Table 2, the addition of RPSAA did not significantly affect the fat and protein content of LL (p > 0.05), although in the case of the water content, that of AP-2 was significantly higher than that of AP-1 (p < 0.05). The above results suggest that adding RPSAA can increase the WHC, texture and SF of the LL muscle of Tibetan sheep.



AAs and FAs composition

The addition of RPAA had little effect on the amount of AAs and FAs in the LL of Tibetan sheep (Supplementary Tables S3, S4). As shown in Table 3, the TAAs, EAAs, NEAAs, SFAs, MUFAs and PUFAs content of the three groups did not differ significantly (p > 0.05), with the same results holding true for FAAs, SAAs and BAAs. However, compared with the other groups, the creatinine content of AP-1 and the aminoadipic acid content of AP-2 were significantly higher (p < 0.05). Furthermore, the C20:3 N6 content of AP-1 and AP-3 was significantly higher than that of AP-2 (p < 0.05), while the latter’s C20:5 N3, C22:5 N3, C22:6 N3 and ω-3 content was significantly lower than that of AP-1 (p < 0.05). Compared with AP-1, AP-2 also showed a decreasing trend in the amount of various FAs, while AP-3 was not significantly different in terms of its FA content, except in the case of C20:5 N3 which was significantly lower (p < 0.05).



TABLE 3 Effects of adding RPSAA on amino acids and fatty acids in the longissimus lumborum of Tibetan sheep.
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Metabolomics analysis of the muscle

To further understand how RPMET and RPCYS supplementation influenced the quality of LL of the Tibetan sheep, non-targeted metabolites were detected with UHPLC-Q-TOF MS in the positive and negative ion modes, with the differences between the three groups shown by the three-dimensional PCA scores in Figures 1A,B. Moreover, to better investigate the group differences, orthogonal partial least squares discriminant analysis (OPLS-DA) was used to evaluate the metabolites in the meat samples. R2Y represents the cumulative variance value of the model, and the larger the value, the stronger the explanatory power of the model. Q2 represents the proportion of data variance predicted by the current model. Generally, if Q2 is greater than 0.5, it indicates that the model is stable and reliable. If 0.3 < Q2 < 0.5, it indicates good model stability. If Q2 < 0.3, it indicates low model reliability. As shown in Supplementary Table S5, R2Y in AP-1 VS AP-2 and AP-1 VS AP-3 is close to 1 and Q2 > 0.3, indicating that these two models have strong explanatory power and good stability (Kang et al., 2022). Figures 1C,D show obvious intra group aggregation and inter group dispersion. However, Q2 < 0.3 in the AP-2 vs. AP-3 model indicates that the reliability of the model is relatively low. Then, through 200 permutation and model overfitting tests (Supplementary Figure S2), it was found that the Q2 intercept regression line in the AP-1 vs. AP-2 and AP-1 vs. AP-3 models was less than 0, indicating that there was no overfitting phenomenon in the model. Therefore, the findings further confirm that the addition of RPMET and RPCYS has a significant impact on muscle metabolism in the LL of Tibetan sheep.
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FIGURE 1
 3D PCA scores of three samples in positive (A) and negative (B) ion detection modes; (C) (AP-1 and AP-2), (D) (AP-1 and AP-3), and (E) (AP-2 and AP-3) are the OPLS-DA score maps for pairwise comparison of three groups of samples under positive ion detection mode.


Differential metabolites (DMs) between the three groups of samples at the super class level were observed on a volcanic map (Figure 2). In the positive ion mode, compared with AP-1, benzenoids, organic acids and derivatives as well as organic oxygen compounds (Figure 2A) were upregulated in AP-2, while lipids, lipid-like molecules and organic heterocyclic compounds were downregulated. On the other hand, alkaloids and derivatives, lipids and lipid-like molecules, nucleosides as well as nucleotides and analogues (Figure 2B) were upregulated in AP-3, while organic acids and derivatives were downregulated. When comparing AP-2 and AP-3, alkaloids and derivative, nucleosides, nucleotides and analytes were upregulated in the latter group (Figure 2C), while benzenoids, organic acids and derivatives as well as organic nitrogen compounds were downregulated. As far as the negative ion mode was concerned, compared with AP-1, organic oxygen compounds and other substances are upregulated in AP-2, while organic acids and derivatives, lipids and lipid-like molecules are downregulated (Figure 2D). In the meantime, lipids and lipid-like molecules, nucleosides, nucleotides as well as analogues were upregulated in AP-3, while organoheteric compounds, phenoylpropanoids, polyketides and organic oxygen compounds were downregulated (Figure 2E). And lastly when comparing AP-2 and AP-3, lipid-like molecules, organic acids, and derivatives were upregulated in AP-3, while benzenoids were downregulated (Figure 2F). In order to further understand the changes in DMs for the three groups of samples, specific metabolites from the three groups were compared in pairs and identified in the positive and negative ion modes based on a VIP of >1 and a p-value of <0.05 as thresholds. A total of 163 DMs were found to be present in the three groups, of which 66 were involved in the KEGG pathway, as shown in Figure 3. The DM in the red box is common to the AP-1 and RPSAA groups (AP-2 and AP-3) after comparison, while the DM in the blue box is a comparison between AP-2 and AP-3 with added SAA. Compared with AP-1, 20 substances underwent changes in both AP-2 and AP-3. These included the upregulated L-ascorbic acid, adenosine 5′-monophosphate (AMP) and arginine as well as the downregulated glutamic acid, D-lyxose, hypoxantine, ribitol and sedoheptulose 7-phosphate, just to name a few. In addition, compared with AP-2, propionic acid, gamma-linolenic acid, linoleic acid and trigonelline were upregulated in AP-3, while leucine and L-methionine were downregulated. Overall, the changes in DMs in the three groups of samples influenced the upregulation or downregulation of metabolic pathways.
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FIGURE 2
 Volcanic maps of muscle metabolites in Tibetan sheep fed with RPSAA, with ((A–C)) showing the volcanic maps of AP-1 VS AP-2, AP-1 VS AP-3, and AP-2 VS AP-3 in positive ion mode, respectively; (D–F) are volcanic maps of AP-1 VS AP-2, AP-1 VS AP-3, and AP-2 VS AP-3 in negative ion mode, respectively.
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FIGURE 3
 The Venn diagram shows a comparison of DMs involved in the KEGG pathway in the longissimus lumborum of three groups of Tibetan sheep; The red font indicates an increase in DMs, while the green font indicates a decrease in DMs.


To further understand the impact of adding RPSAA on the metabolic pathways of Tibetan sheep, the three groups were analyzed using Differential Abundance Scores (DA score). As shown in Figure 4, compared with AP-1, 39 metabolic pathways were upregulated and 2 were downregulated in AP-3, while for AP-2, 21 were upregulated and 7 were downregulated. Of these, 21 were upregulated in both groups and included metabolic pathways such as parathyroid homone synthesis, secret and action, growth homone synthesis, secret and action, melanogenesis as well as eight important signaling pathways (e.g., mTOR signaling pathway, HIF-1 signaling pathway, etc.). Meanwhile, compared with AP-1, the upregulated metabolic pathways in AP-3 included glycolysis/gluconeogenesis, citrate cycle (TCA cycle), pyruvate metabolism, valine, leucine and isoleucine biosynthesis and glycerolide metabolism, just to name a few, with sedoheptulose 7-phosphate, pyruvate, phosphoenolpyruvate, 2-phosphoglycerate, propionic acid, trigonelline, glycerophosphate (2), glycerol 3-phosphate and citronic acid being some of the upregulated metabolites within these metabolic pathways (Table 4). On the other hand, the downregulated pathways in AP-3 included riboflavin and vitamin B6 metabolism, with the corresponding downregulated metabolites including flavone mononucleotide, lumichrome, ribitol, 4-pyridoxic acid and pyridoxal phosphate (Table 4). As far as AP-2 was concerned, the biosynthesis of unsaturated fatty acids, linoleic acid metabolism, alanine, aspartate and glutamate metabolism as well as butanoate metabolism were some of the pathways that were downregulated compared with AP-1, while the downregulated metabolites included linoleic acid, arachidonic acid (peroxide free), palmitic acid, eicosenoic acid, gamma-linolenic acid, nervonic acid, glutamic acid and D-pyroglutamic acid, amongst others (Table 4).
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FIGURE 4
 DA score map of differential metabolic pathways in the Longissimus lumborum of Tibetan sheep (A: AP-1 vs. AP-2, B: AP-1 vs. AP-3, C: AP-2 vs. AP-3). DA score is the overall total change of all metabolites in the metabolic pathway. In the figure, 1 indicates an upward trend in the expression of all identified metabolites in the pathway, while −1 indicates a downward trend in the expression of all identified metabolites in the pathway.




TABLE 4 Changes in differential metabolites in key metabolic pathways compared among three groups of samples (absolute difference abundance score of all metabolic pathways ≥0.5).
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As shown in Figure 4, in comparison with AP-2, AP-3 had 14 upregulated and 5 downregulated metabolic pathways. More specifically, linoleic acid metabolism, propanoate metabolism, nicotinate and nicotinamide metabolism, biosynthesis of unsaturated fatty acids and their related signaling pathways (PI3K-Akt signaling pathway, FoxO signaling pathway, cGMP-PKG signaling pathway) were upregulated, while the biosynthesis of amino acids and 2-Oxocarboxylic acid metabolism were some of those that were downregulated. Within these key metabolic pathways, gamma-linolenic acid, linoleic acid, methylmalonic acid, propionic acid, trigonelline and AMP were some of the upregulated metabolites, while leucine and L-methionine were among the downregulated ones (Table 4).



Analysis of the composition of gastrointestinal microbiota


Analysis of gastrointestinal fermentation parameters

Results, shown in Table 5, indicated the absence of significant differences between the pH, ammoniacal nitrogen and rumen fluid’s SCFAs of the three groups (p > 0.05). However, it was noted that the ammoniacal nitrogen content of the AP-1 group without RPAA addition was higher than that of AP-2 and AP-3 in which RPSAA was added. In addition, the SCFAs content of AP-2 and AP-3 also showed an upward trend compared with AP-1. The parameters of jejunal fermentation were significantly different between the three groups (Table 5). However, the ammoniacal nitrogen content in AP-1 was significantly higher than that of AP-2 and AP-3, while the valeric acid content increased significantly in AP-3 (p < 0.05). There were also significant differences in butyric acid content between the three groups, with the highest amount being in the AP-3 group, followed by AP-2 (p < 0.05).



TABLE 5 Effects of adding PRSAA on rumen and jejunum fermentation characteristics of Tibetan sheep.
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Analysis of rumen microbiota composition

As shown in Figure 5A, a total of 3,684 OTUs were detected in the rumen, of which 425, 559 and 514 were specific to AP-1, AP-2 and AP-3, respectively. Comparing the α diversity index (Supplementary Table S6) of the three groups showed that the Shannon and Simpson values of AP-2 were significantly higher than those of AP-1 (p < 0.05), hence indicating that the flora diversity of AP-2 was significantly higher. Anosim (Figure 5B) and PCoA (Figure 5C) analyses subsequently showed significant differences and good dispersion between the bacterial communities of the three groups. At the phylum level, the main rumen microbiota were Firmicutes and Bacteroidetes (Figure 5D), while at the genus level, the main groups were uncultured rumen bacterium, Prevotella 1, and Rikenellaceae RC9 gut group (Figure 5E). Table 6 shows the main differences in the rumen microbiota at the phylum and genus level for the three groups. Firstly, the abundance of Bacteroidetes in AP-2 was significantly higher than that of AP-3 (p < 0.05), while the proportion of Proteobacteria in AP-3 was significantly higher than for the other two groups. At the genus level, the abundance of Prevotella 1 and Rikenellaceae RC9 gut groups in AP-2 was significantly higher than that in AP-1 (p < 0.05), while the abundance of the Lachnospiraceae NK4A136 and Lachnospiraceae ND3007 groups was significantly higher than that of AP-1 and AP-3 (p < 0.05). However, the abundance of the Christensenellaceae R-7 group, uncultured, Lachnospiraceae NK3A20 group, Prevotellaceae UCG-003, Acetomaculum and Rumnococcaceae UCG-011 in AP-3 was significantly higher than for the other two groups (p < 0.05). Meanwhile, Desulfovibrio and U29-B03 were significantly reduced in AP-2 and AP-3, respectively (p < 0.05).
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FIGURE 5
 OTUs Vene plots of three groups of rumen microorganisms (A). Analysis of variance (B) and PCoA plot (C) of the overall sample of rumen microorganisms. The relative abundance of bacterial community proportions at the phylum (D) and genus (E) levels in three sets of samples.




TABLE 6 Differences in phylum and genus levels of bacteria in three groups of rumen (accounting for the top 15 relative abundances).
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Analysis of jejunal microbiota composition

As shown in Figure 6A, a total of 5,039 OTUs were detected in the jejunum, of which 1,224, 534 and 448 were specific to AP-1, AP-2 and AP-3, respectively. The α diversity index (Supplementary Table S7) of the three groups was not significantly different, hence indicating the absence of significant changes in the diversity and abundance of the jejunum flora of the three groups. Anosim (Figure 6B) and PCoA (Figure 6C) analyses further highlighted significant differences between the three bacterial groups. Unlike the rumen, the dominant phyla in the jejunum were Firmicutes (Figure 6D), with Table 7 showing the main differences in jejunal microbiota at the phylum and genus level between the three groups. At the phylum level, there was no significant differences in the relative abundance of the top five phyla. However, at the genus level (Figure 6E), the abundance of Olsenella, Eubacterium nodatum group and Mogibacterium in AP-2 were significantly higher than that of AP-1 (p < 0.05). Additionally, the proportion of [Eubacterium] Brachy group and CAG-352 in AP-2 were significantly higher than for the other two groups (p < 0.05). Finally, the abundance of Turicibacter and Atopobium was highest in AP-1 and AP-3, respectively (p < 0.05).
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FIGURE 6
 OTUs Vene plots of three groups of jejunal microbiota (A). Analysis of variance (B) and PCoA plot (C) of the overall sample of jejunal microbiota. The relative abundance of bacterial community proportions at the phylum (D) and genus (E) levels in three sets of samples.




TABLE 7 Differences in phylum and genus levels among three groups of jejunal bacteria (accounting for the top 7 relative abundances).
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Correlation analysis

Figure 7A shows the correlation analysis of rumen microbiota, SCFAs and jejunal microbiota. Acetic acid, butyric acid, isobutyric acid, valeric acid and isovaleric acid in the rumen were positively correlated with Prevotella 1, Lachnospiraceae NK3A20 group and Prevotella UCG-003. On the other hand, the levels of butyric acid and valeric acid in the jejunum were negatively correlated with the [Eubacterium] Brachy group and Turicibacter. At the same time, the Lachnospiraceae NK3A20 group and Prevotellaceae UCG-003 in the rumen were negatively correlated with the [Eubacterium] Brachy group and Turicibacter in the jejunum, while the butyric acid and valeric acid in the jejunum were positively correlated with acetic acid, butyric acid, isobutyric acid and isovaleric acid in the rumen. Therefore, it was speculated that the Lachnospiraceae NK3A20 group and Prevotellaceae UCG-003 in the rumen could have an impact on the [Eubacterium] Brachy group and Turicibacter in the jejunum, thereby influencing the production of SCFAs.
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FIGURE 7
 Cluster heatmap of correlation analysis between rumen and jejunum microbiota and SCFAs (A). Cluster heatmap of correlation analysis between rumen and jejunal microbiota and metabolites of the Longissimus lumborum in Tibetan sheep (B). Cluster heatmap of correlation analysis between rumen and jejunal microbiota and metabolites of the Longissimus lumborum in Tibetan sheep (C). The microbiota and SCFAs with R before them represent the rumen, while the J before them represents the jejunum.


Figure 7B shows the correlation analysis between microorganisms and muscle metabolites in the rumen and jejunum. Firstly, it was found that the Lachnospiraceae NK3A20 group was only positively correlated with AMP, while Prevotellaceae UCG-003 had a positive correlation with AMP, D-lyxose, Sedoheptulose 7-phosphate. On the other hand, Tubriciactor was positively correlated with inosine but negatively correlated with AMP. Prevotella 1, Erysipelotrichaceae UCG-004 and Lachnospiraceae ND3007 groups in the rumen were also positively correlated with arachidonic acid (peroxide free), 11,14,17-eicosatrienoic acid (z, z, z)-gamma-linolenic acid, palmitic acid, glutamic acid, maleic acid. Finally, the [Eubacterium] nodatum group in the jejunum was negatively correlated with hypoxanthine, glutamic acid and ribitol, while a negative correlation was noted between Mogibacterium, 11,14,17-eicosatrienoic acid, (z, z, z)-gamma-linolenic acid and glutamic acid.

Results of correlation analyses between the apparent quality of meat, muscle metabolites as well as rumen and jejunal microbiota are shown in Figure 7C. It was noted that D-lyxose, glutamic acid, ribitol, sedoheptulose 7-phosphate, hypoxantine and inosine were positively correlated with L*, and negatively correlated with SF. While adenosine 5′-diphophosphoribose (ADP) and AMP were negatively correlated with L*, and positively correlated with SF. At the same time, Prevotella 1 and Erysipelotrichaceae UCG-004 in the rumen were positively correlated with L*, while isobutyric acid in the rumen and butyric acid in the jejunum were negatively correlated with L*, while SF was completely opposite.




Discussion

MET and CYS are SAA, and there is a complex transformation relationship between them. MET is the precursor of CYS, which can transfer methyl through the intermediate metabolite S-adenosylmethionine to form S-adenosylhomocysteine, then it is hydrolyzed to homocysteine, and finally CYS is generated through sulfur transformation (Tang et al., 2010). In this context, research by Finkelstein (1990) suggested that CYS can replace more than half of the MET in the diet due to their turnover mechanism in the body. MET and CYS are precursors of glutathione, taurine and sub taurine, which have been proved to have strong antioxidant capacity (Wu et al., 2004; Kotzamanis et al., 2019). Good redox state can make animal meat show better quality characteristics in water holding capacity, color stability and anti lipid and protein oxidation (Estévez, 2015). Therefore, through the control of animal nutrition, MET and CYS can be reasonably used to improve meat quality. Adding amino acids to diets is beneficial for animal growth, production and reproduction. However, supplementing feeds with high levels of amino acids may also cause imbalance or antagonism, thereby inhibiting growth (Peng et al., 1973). Similarly, insufficient amounts of amino acids can reduce weight gain, feed efficiency and feed intake (Castro et al., 2020). This study set up three groups, namely the group without added RPSAA (AP-1 group), the group with added RPMET (AP-2 group), and the group with added RPMET and RPCYS (AP-3 group), in order to clarify the effects of RPSAA on rumen microbiota, meat metabolism, and meat quality in Tibetan sheep.

In this study, the proportion of RPSAA added in this study has no adverse effect on the carcass quality of Tibetan sheep. The color of meat is closely related to its freshness as it directly reflects the quality of meat and influences consumers’ acceptance (Ripoll and Panea, 2019). Meat that is popular among consumers generally exhibits a bright cherry red color (Sawyer et al., 2009). However, when the values of a* and b* are not significantly different, a significant decrease in L* can result in a dark red state. In this context, research has found that the L* of meat was related to its muscle fat content and WHC. For instance, Silva et al. found that a decrease in beef meat’s brightness was accompanied by a lower intramuscular fat (Silva et al., 2019). In this study, the L* value of AP-2 decreased significantly, while its fat content was the lowest. As already pointed out, the amount and distribution of water in muscle tissues can also affect the color of meat. Muscles contract when they become stiff after death, and water, from the muscle fiber compartment, enters the intercellular space followed by the extracellular space (Honikel et al., 1986). An increase in muscle contraction therefore leads to an increase in the water leakage which subsequently affects the refractive index of the muscle surface and leads to an increase in L*. In this study, AP-2 also had the lowest cooking loss and the highest moisture content, and hence the lowest L*.

Linda et al. found that in color-stable lamb loin, a decrease in inosinemonphosphate (IMP) was accompanied by a significant increase in inosine concentration (Samuelsson et al., 2022). This is because after sheep are slaughtered, ATP in the meat forms IMP through ADP and AMP, and then further forms hypoxanthine through inosine (Yano et al., 1995). During the process of muscle conversion into meat, the initial concentrations of AMP and IMP in the meat are high, while the inosine and hypoxanthine content is low, resulting in poor tenderness of the meat. At later stages, ATP reserves are depleted and secondary energy consumption begins. This involves the decomposition of AMP and IMP into inosine and hypoxanthine, resulting in an increase in meat tenderness (Graham et al., 2012; Beldarrain et al., 2023). Interestingly, in the correlation analysis, there was a significant correlation between L* and SF with purine metabolism and metabolites in its surrounding pathways, as well as with the microbiota and SCFAs in the rumen and jejunum (Figure 7C). So far, research has revealed that the gastrointestinal microbiota could regulate meat quality by producing SCFAs (Zhang et al., 2022a; Dou et al., 2023). Therefore, it was speculated that feeding Tibetan sheep with RPSAA could influence purine metabolism and its nearby pathways by altering the gastrointestinal microbiota and increasing the production of SCFAs, thereby reducing L* and increasing SF.

In recent years, people have been paying attention to both the nutritional needs of animals as well as the tenderness of their meat. Tenderness is an important quality attribute that also affects consumers’ purchase of meat, and it is generally determined through a sensory evaluation or measurement of SF (Warner et al., 2021). In their study of meat tenderness, Haiqing et al. found that adding different concentrations of RPMET to the diet of Tan sheep did not significantly affect the SF (Li et al., 2020). In fact, the study by Zhiyuan et al. showed that low to medium concentrations of RPLYS and RPMET significantly reduced the SF of yak meat (Ma et al., 2021). On the other hand, in this study, the addition of RPSAA was found to significantly increase the SF of Tibetan sheep meat. The above findings suggest that the role of RPAA may vary according to the animal species, types of amino acids and feeding background. The tenderness of meat is also related to its final pH value (pHu), with values ranging from 5.8 to 6.19 corresponding to a higher meat SF compared with those which are ≤5.79 or ≥ 6.2. This could be attributed to the fact that, within this pH range, small heat shock proteins are not easily degraded. At the same time, cathepsin B and μ-Calpain have low activities which further increase the toughness of meat and delay its tenderness (Lomiwes et al., 2013). In this study, the pHu of the RPSAA group was between 5.8 and 6.19. This could explain why the SF of this group was greater compared with that of the ordinary amino acid group. However, it should be noted that the maximum SF of the LL samples did not exceed 11 kgF, with Bickerstaffe suggesting that this value was an acceptable upper limit for cooked meat tenderness (Bickerstaffe et al., 2001).

In recent years, the relationship between cell apoptosis and tenderness attracted much attention. In this context, the study by Cheng Chen et al. revealed that cell apoptosis, mediated by apoptosis inducing factor (AIF), could increase the tenderness of beef muscle (Chen et al., 2020). Similarly, Zhang et al. found that inducing higher cell apoptosis through diet could increase the tenderness of meat, while delaying the apoptotic process resulted in a tougher meat texture (Ma et al., 2020; Zhang et al., 2022). After animal slaughter, muscle cells enter a state of hypoxia during which they produce a hypoxic stress response that activates various signaling pathways. This, in turn, gradually leads to a change from oxidative respiration to anaerobic glycolysis to provide energy for cells (Wang et al., 2022). However, hypoxic stress also inevitably produces ROS and induces HIF-1α accumulation through the PI3K/AKT–mTOR signaling pathway (Tang and Zhao, 2020; Chen et al., 2022). HIF-1 is an important regulatory pathway for cell apoptosis, and it can regulate metabolic adaptation, metastasis and anti-apoptosis of hypoxic cells (Paik et al., 2017). It was found that an increase in HIF-1α expression was accompanied by an increase in sarcoplasmic calcium (Ca2+) during postmortem maturation. Ca2+, through calmodulin CaMKK β activating AMPK, promotes the transfer of GLUT1 to the cell membrane and the phosphorylation of transcription factors to induce glucose uptake and transport. As a result, this process maintains energy production in cells under hypoxic conditions while inhibiting cell apoptosis (Gao et al., 2019; Xin et al., 2023). Therefore, it can be inferred that the AMPK pathway can regulate the post mortem glycolysis process. In this study, the PI3K-Akt, mTOR, HIF-1 and AMPK signaling pathway as well as the metabolites in the RPSAA groups were upregulated compared with the AP-1 group. Hence, it was speculated that, after slaughter, the activation and upregulation of these pathways in the RPSAA group of Tibetan sheep could delay cell apoptosis and meat tenderization due to hypoxic stress. However, further research would be required to indeed ascertain the above speculation.

On the other hand, it was found that, in the RPCYS group, glycolysis/gluconeogenesis and the citrate cycle (TCA cycle) were upregulated, hence indicating that aerobic respiration and glycolysis were the two mechanisms through which energy was provided to muscle cells at this time. These findings also suggested that the muscle was in an early postmortem stage (Matarneh et al., 2018). Upregulation of the glycolysis pathway generally increases lactate concentration, thereby reducing pH and increasing meat hardness (Chen et al., 2019). However, in the RPCYS group, the meat texture was harder although the pH value was higher than for the other two groups. This could be due to the slower glycolysis rate that prolonged the zombie stage and slowed down the softening rate of the meat (Honikel, 2014). Therefore, this study suggests that the acceleration of glycolysis rate, followed by a rapid decrease in pH, can be beneficial for the hydrolysis of muscle fiber proteins as well as for improving the tenderness of meat (Barón et al., 2021).

The composition and fatty acids content of meat not only affect its flavor but also affect human health. For example, research has shown that PUFA possessed anti-obesity and anti-inflammatory properties. Similarly, the intake of n-3 and n-6 PUFA is essential for normal human growth and development due to their regulatory role in cell functions, signal transduction and immune response (Liu et al., 2023). Of these, C20:5 N3 (EPA), C22:6 N3 (DHA) and C22:5 N3 (DPA) are particularly important n-3 PUFAs as they are functional fatty acids which are involved in regulating cholesterol, while reducing risks of human neurodegeneration, coronary heart disease and thrombosis (Montenegro et al., 2022). Similarly, n-6 PUFA such as arachidonic acid (AA) and linoleic acid (LA) are of significance as an increase in LA intake can improve plasma lipids, blood glucose control and insulin resistance (Marangoni et al., 2020). This work applied GC–MS to determine the composition and fatty acids content of three groups of Tibetan sheep meat and found that the n-3 PUFA, EPA, DHA, DPA and C20:3 N6 content in AP-2 significantly decreased. In fact, the overall fatty acids content also showed a downward trend. Non-target metabolomics detection further showed that fatty acids such as linoleic acid, arachidonic acid, palmitic acid, γ-linolenic acid and eicosenoic acid were downregulated in AP-2 (AP-2 vs. AP-1), with their involvement in the biosynthesis of unsaturated fatty acids, linoleic acid metabolism and butanoate metabolism also downregulated (Table 4). In contrast, the biosynthesis of unsaturated fatty acids and linoleic acid metabolism (AP-3 vs. AP-2) in AP-3 were upregulated, with the amount of γ-linolenic acid and linoleic acid also increased (Table 4). Research has found that butanoate metabolism, through the β-Hydroxyl group-β-Methylglutaryl CoA pathway, increased lipid synthesis (Liu et al., 2018). However, due to the significant correlation between these fatty acids, metabolites and the microbiota in the rumen and jejunum (Figure 7B), it was speculated that in AP-2, the downregulation of pathways related to lipid synthesis, and hence a decrease in the fatty acids content, was caused by changes in the gastrointestinal microbiota of Tibetan sheep (Figure 8). These results were also reflected in the works of Wen et al. and Conde-Aguilera et al. who found that the addition of sufficient MET to diets resulted in a lower fat content in chicken breast compared to the MET-deficient group (Conde-Aguilera et al., 2010; Wen et al., 2017). This observation could be attributed to a MET-induced increase in carnitine content that not only promoted the oxidation of fatty acids but also reduced the amount of constant fatty acids that could be stored in adipose tissues (Zhan et al., 2006). Finally, being precursors of flavor substances, fatty acids can influence the flavor of meat through reactions such as lipid oxidation. A decrease in the fatty acids content, as it was the case for AP-2, would therefore affect its flavor.
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FIGURE 8
 Hypothetical pathways and potential mechanisms related to the gastrointestinal flora, muscle metabolites and meat quality changes in RPSAA Tibetan sheep. The green and red boxes indicate the down-regulation and up-regulation of metabolites, respectively; The green and red arrows indicate an increase or decrease of the meat quality index.


Overall, compared with the ordinary amino acid group, the WHC and texture of the groups fed with RPSAA increased, resulting in better food quality. In addition, when comparing the two groups of RPSAA, the fatty acid metabolism pathway was significantly upregulated in AP-3. This could be because, in AP-2, the endogenous CYS synthesized by MET through the sulfur transfer pathway was insufficient to meet the needs of Tibetan sheep. On the other hand, the exogenous CYS added to feed in AP-3 helped to meet the dietary requirements, hence increasing the production of antioxidant substances such as glutathione and taurine, and preventing the oxidation of fatty acids (Medina et al., 2022). As a result, AP-2 has the best edible quality, but its fatty acid nutrition is reduced.

Amino acids are immediately decomposed by microorganisms in the rumen to produce ammonia. In this case, RPAA can reduce the degradation within the rumen, thereby allowing the amino acids to enter the small intestine. This not only improves the utilization rate of amino acids but also increases animal production (Ma et al., 2021; Liu et al., 2023). However, RPAA decomposed in the rumen and entering the small intestine may also alter the gastrointestinal microbiota. As such, this decomposition process can influence fermentation parameters and even regulate some metabolism in animals (Zhang et al., 2022a; Liu et al., 2023; Wei et al., 2023). Previous studies found that the addition of RPLYS and RPSAA did not significantly affect the rumen pH, ammoniacal nitrogen and total concentration of SCFAs in yaks (Liu et al., 2023) and brown lambs (Liu et al., 2021), with these findings being consistent with those of the current study. However, the ammonia-nitrogen concentration in the jejunum of the RPSAA group significantly decreased, while the concentrations of butyric acid and valeric acid significantly increased, thereby indicating that RPSAA improved the utilization rate of AA in the jejunum and promoted jejunal fermentation (Wang et al., 2022) This could also explain the improved carcass quality in both RPSAA groups.

Gastrointestinal microbiota plays a crucial role in the nutrition and health of ruminants. As far as RPSAA is concerned, Bacteroidetes and Proteobacteria are particularly affected within the rumen. In this study, the three groups did not differ significantly in terms of their relative proportion of the top five main phylum in the jejunum. Bacteroidetes, the largest portal in the rumen, is responsible for protein hydrolysis, carbohydrate degradation and the fermentation of amino acids into acetate (Hinsu et al., 2017). On the other hand, Firmicutes, the largest portal in the jejunum. Play an important role in the degradation of fiber and cellulose (Crisol-Martínez et al., 2017). The structure of the two is different at the phylum level, with differences also noted in their fermentation modes. Correlation analysis was performed on the microbial communities and fermentation parameters of the rumen and jejunum, with the results showing a close connection between the rumen and jejunum. Prevotelaceae_ UCG-003 uses various sugars to produce acetic acid and succinic acid while enhancing fiber digestion (Li et al., 2019). Lachnospiraceae_ NK3A20 can alleviate intestinal inflammation by producing butyric acid to inhibit the production of pro-inflammatory cytokines by intestinal neutrophils (Li et al., 2021). Hence, it is also referred to as a probiotic. Finally, Turicibacter is a pathogen that is positively correlated with colitis (Rettedal et al., 2009). The abundance of Prevotellaceae_ UCG-003 and Lachnospiraceae_NK3A20 increased in the AP-2 and AP-3 groups, especially with the addition of RPCYS (AP-3 group), while the proportion of Turicibacter decreased significantly in the two groups. The first two bacterial genera are positively correlated with butyric acid, isobutyric acid, valeric acid, isovaleric acid and acetic acid, but negatively correlated with the Turicibacter in the jejunum. Therefore, feeding RPAA can be useful to increase the abundance of beneficial bacteria and SCFAs in the rumen of Tibetan sheep. As it flows from the rumen to the jejunum, it further inhibits the production of harmful bacteria and maintains the healthy development of the jejunum. The influence of diet on gastrointestinal microbiota can also regulate muscle metabolites and affect meat quality (Peng et al., 1973). In this study, the abundance of microbiota in the rumen and jejunum was closely related to the amount of fatty acids and purine metabolism as well as to the L* and SF of the LL meat. Therefore, it was speculated that feeding RPSAA promotes fermentation in the rumen and jejunum of Tibetan sheep, thereby affecting fatty acids and purine metabolism in the LL, and ultimately altering L* and SF (Figure 8). However, these changes in meat quality may also be caused by the complex transformation relationship between MET, cysteine, and CYS, leading to metabolic changes in Tibetan sheep and synergistic effects on their living environment. As noted before, further research would be required to ascertain the above speculation, and especially to verify the specific mechanism through which rumen and jejunal microbiota influence the quality of Tibetan sheep meat.



Conclusion

A number of studies have shown that reducing the level of crude proteins in feed and adding RPAA can reduce the emission of nitrogenous pollutants from animals without affecting their growth. In this study, feeding the RPMET group (AP-2) improved the carcass quality of Tibetan sheep by increasing their carcass weight, abdominal fat, and back fat; Compared with the AP-3 group, the AP-2 group achieved the best edible quality by reducing brightness, cooking loss, and shear force, but the nutritional value of fatty acids in the AP-2 group decreased. Further analysis indicates that the addition of RPSAA affects important metabolic pathways and metabolites in Tibetan sheep muscles. The downregulation of unsaturated fatty acid biosynthesis, linoleic acid metabolism, and butanoate metabolism in AP-2 could have been responsible for the decrease in the fatty acids content. Finally, correlation analysis showed that the increase of beneficial microbiota (Prevotella 1, Lachnospiraceae NK3A20 group, Prevotella UCG-003, Lachnospiraceae ND3007 group) in the rumen of AP-2 and AP-3 could increase the abundance of beneficial microbiota (Eubacterium nodatum group, Mogibacterium group) in the jejunum and inhibit the growth of harmful ones (Turicibacter). In addition, an increase in the abundance of gastrointestinal microbiota and SCFAs also influenced the key metabolites of LL (inosine, hypoxantine, AMP, ADP, L-glutamate, etc.), thereby regulating purine metabolism and ultimately affecting the brightness and tenderness of LL. In a word, the results suggested that RPAA can improve the overall quality of Tibetan sheep’s meat.
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Recently, it has been discovered that certain dairy buffaloes can produce higher milk yield and milk fat yield under the same feeding management conditions, which is a potential new trait. It is unknown to what extent, the rumen microbiome and its metabolites, as well as the host metabolism, contribute to milk yield and milk fat yield. Therefore, we will analyze the rumen microbiome and host-level potential regulatory mechanisms on milk yield and milk fat yield through rumen metagenomics, rumen metabolomics, and serum metabolomics experiments. Microbial metagenomics analysis revealed a significantly higher abundance of several species in the rumen of high-yield dairy buffaloes, which mainly belonged to genera, such as Prevotella, Butyrivibrio, Barnesiella, Lachnospiraceae, Ruminococcus, and Bacteroides. These species contribute to the degradation of diets and improve functions related to fatty acid biosynthesis and lipid metabolism. Furthermore, the rumen of high-yield dairy buffaloes exhibited a lower abundance of methanogenic bacteria and functions, which may produce less methane. Rumen metabolome analysis showed that high-yield dairy buffaloes had significantly higher concentrations of metabolites, including lipids, carbohydrates, and organic acids, as well as volatile fatty acids (VFAs), such as acetic acid and butyric acid. Meanwhile, several Prevotella, Butyrivibrio, Barnesiella, and Bacteroides species were significantly positively correlated with these metabolites. Serum metabolome analysis showed that high-yield dairy buffaloes had significantly higher concentrations of metabolites, mainly lipids and organic acids. Meanwhile, several Prevotella, Bacteroides, Barnesiella, Ruminococcus, and Butyrivibrio species were significantly positively correlated with these metabolites. The combined analysis showed that several species were present, including Prevotella.sp.CAG1031, Prevotella.sp.HUN102, Prevotella.sp.KHD1, Prevotella.phocaeensis, Butyrivibrio.sp.AE3009, Barnesiella.sp.An22, Bacteroides.sp.CAG927, and Bacteroidales.bacterium.52–46, which may play a crucial role in rumen and host lipid metabolism, contributing to milk yield and milk fat yield. The “omics-explainability” analysis revealed that the rumen microbial composition, functions, metabolites, and serum metabolites contributed 34.04, 47.13, 39.09, and 50.14%, respectively, to milk yield and milk fat yield. These findings demonstrate how the rumen microbiota and host jointly affect milk production traits in dairy buffaloes. This information is essential for developing targeted feeding management strategies to improve the quality and yield of buffalo milk.
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Introduction

As the world’s population continues to grow, meeting the demand for animal products has become a primary concern for national food security (Kearney, 2010). In recent years, the nutritional value of buffalo milk has gained attention; its key nutrients are higher than those of cow and human milk, making buffalo milk an excellent choice for those seeking high-quality milk (Liang et al., 2020). Meanwhile, good quality fat provides the body with energy, including some essential fatty acids that the body cannot synthesize, and is essential for maintaining health and bodily functions, making the quality of fat an important measure of the quality of dairy products (Huang et al., 2019). However, the low milk yield of buffaloes is the main problem, limiting the development of the buffalo milk industry. There are many factors that affect milk quality and yield in dairy buffaloes, including genetic factors (Gernand and Konig, 2014), rumen environment (Wang et al., 2021), feeding management (Thompson et al., 2022), and feed digestion (Leduc et al., 2021). It has been widely reported that milk yield is usually negatively correlated with milk fat yield (Lai and Liu, 2019), but recently we have found that under the same feeding management conditions, some dairy buffaloes can exhibit both relatively high milk yield and milk fat yield compared with others, which would be a potential new trait for buffalo dairy producers to select (Xue et al., 2019).

The rumen is a digestive chamber found in ruminants that houses a diverse community of microorganisms, including bacteria, archaea, eukaryotes, protozoa, and viruses (Zhao et al., 2023). First, rumen microbes are influenced by various host factors, including diet, age, breed, and genetics. Meanwhile, ruminal microbes have a symbiotic relationship with their hosts and are able to obtain nutrients from crude fiber, which is indigestible to humans. They can break down cellulose and pentosan in feed into usable organic acids, mainly acetic, propionic, and butyric acids (often referred to as volatile fatty acids or VFAs). These VFAs are absorbed in large quantities through the rumen wall and can meet 60–80% of the energy needs of ruminants (Huws et al., 2018). Studies have shown that this affects feed efficiency (Auffret et al., 2020) and methane emissions (Gonzalez-Recio et al., 2023) from cattle. Second, the digestion of rumen microorganisms is crucial in ruminant nutrition and closely linked to the breakdown and synthesis of nutrients, such as sugars, proteins, and lipids. Rumen microorganisms are also able to synthesize nutrients such as essential amino acids, essential fatty acids, and B vitamins for use by the host, all of which determine the quality of animal products (Weimer, 2015). Thus, we hypothesize that the rumen microbiome can directly or indirectly affect milk yield and milk fat yield in dairy buffaloes.

The biosynthesis of milk in dairy buffaloes is a complicated biological process that involves not only the rumen but also host metabolic processes. Microorganisms break down nitrogenous material in the diet into peptides and amino acids, and these compounds are then utilized for milk protein synthesis (Agregan et al., 2021). Additionally, starch and fiber in the diet are broken down by microorganisms into glucose, which is used for the synthesis of lactose (Lin et al., 2016). The fatty acids are used to synthesize milk fat that is present in four main sources: 1. Rumen microorganisms break down lipids from the diet, including triglycerides, glycolipids, and phospholipids. This process mainly produces long-chain fatty acids that are absorbed during the circulation and used directly by the mammary gland of the host. 2. The rumen microorganisms break down and ferment crude fiber in the diet into volatile fatty acids, primarily acetic acid and butyric acid. These acids then enter the mammary gland through the bloodstream, providing energy for the synthesis of fatty acids (Liu et al., 2021). 3. There is also a small proportion of fatty acids in the blood derived from fat mobilization by the host organism, and the fatty acids obtained from the breakdown of body fat are also absorbed and utilized by the host mammary gland (Loften et al., 2014). 4. Ruminal microorganisms can synthesize microbial lipids, including specific branched chain and polyunsaturated fatty acids, from volatile fatty acids. These fatty acids are digested in the small intestine after the microorganisms die and are then absorbed into the host’s circulation for direct use (Shah et al., 2022). Moreover, for the final formation of the entire dairy product, the rumen microorganisms and host play a vital role. Recent studies have shown that milk production traits in dairy cows can be influenced by rumen microbes and their metabolites, as well as host metabolism, and the metabolite group has been found to have a greater degree of influence than the microbial group (Xue et al., 2020). However, this relationship has not yet been studied in dairy buffaloes. Therefore, it is speculated that rumen microbes may initially affect the host’s metabolism by influencing diet digestion and the metabolic environment within the rumen. Subsequently, this may further affect the milk yield and milk fat yield. In our study, we divided dairy buffaloes into two groups, the high-yield (dairy buffaloes with high milk yield and milk fat yield) group of dairy buffaloes and the low-yield (dairy buffaloes with low milk yield and milk fat yield) group of dairy buffaloes, which were studied mainly for rumen metagenomics, rumen metabolomics, and serum metabolomics, testing to address the following questions: Do the rumen microbiome (composition and functions), microbial metabolites, and the host metabolites contribute to milk yield and milk fat yield? If so, do they affect this trait equally? The rumen microbiome and metabolome, as well as the host metabolome, were compared between dairy buffaloes with high-yield and low-yield, and the contributions of the above three omics layers to milk yield and milk fat yield were calculated. The research above will not only serve as a reference for early selection of high-quality dairy buffaloes but will also aid in improving the rumen environment through genetic selection and feeding management that will result in the production of high-quality dairy buffalo milk.



Results


Characterization of phenotypes

In this experiment, from a group of 226 Murrah dairy buffaloes, 12 dairy buffaloes with the highest yield (dairy buffaloes with high milk yield and milk fat yield; HH group) and 12 dairy buffaloes with the lowest yield (dairy buffaloes with low milk yield and milk fat yield; LL group) were selected for analyses of rumen metagenome, rumen metabolome, and serum metabolome. In the phenotypic data, milk yield (p < 0.01), milk fat percentage (p < 0.01), and milk fat yield (p < 0.01) were significantly different between the two groups (Supplementary Table S1).



The rumen metagenome

Metagenome sequencing generated 257137.91 raw data (10714.08 ± 495.24) per sample. After quality control and removal of host genes, 255829.8 data were obtained, with (10673.61 ± 500.73) data per sample. After de novo assembly, the total length of Scaftigs was 13,459,416,214 bp, and the total length of N50 was 22,149 bp, with (922.86 ± 39.63) bp per sample. The total length of N90 was 13,247 bp, with (551.96 ± 5.31) bp per sample (Supplementary Table S2). The overall results of the rumen metagenome showed a composition of (82.3 ± 1.7%) bacteria, (1.3 ± 0.4%) eukaryotes, (0.4 ± 0.1%) archaea, (0.1 ± 0.02%) viruses, (15.6 ± 1.3%) unknown material, and (0.2 ± 0.04%) unclassified material (Supplementary Figure S1). Upon comparing the rumen microbial domains of the two groups, it was found that the bacteria and archaea significantly differed (p < 0.05). The relative levels of bacteria were higher in the rumen of HH dairy buffaloes, while the relative levels of archaea were higher in the rumen of LL dairy buffaloes (Figure 1A). The PERMANOVA analysis (permutational multivariate analysis of variance) indicated significant differences between bacteria and archaea (p < 0.01), while no significant differences were observed between eukaryota and viruses (p > 0.05; Supplementary Table S3). Principal coordinate analysis (PCoA) showed separation between the two groups based on bacterial (Figure 1B) and archaeal (Figure 1C) species, while no separation was found based on eukaryotic (Figure 1D) or viral (Figure 1E) species. Therefore, the downstream comparative analysis of the rumen microbiota will concentrate solely on bacteria and archaea.
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FIGURE 1
 Rumen microbial compositional profiles of HH and LL dairy buffaloes. (A) Comparison of microbial domains between HH and LL dairy buffaloes. (B) Bacterial compositional profiles of HH and LL rumen samples based on species visualized using principal coordinate analysis (PCoA). (C) Archaeal compositional profiles of HH and LL rumen samples based on species visualized using PCoA. (D) Eukaryotic compositional profiles of HH and LL rumen samples based on species visualized using PCoA. (E) Viral compositional profiles of HH and LL rumen samples based on species visualized using PCoA. *p < 0.05, **p < 0.01.




Compositional profiles of the rumen microbiome and taxonomic differences between the HH and LL dairy buffaloes

According to metagenome data, the main dominant bacterial phyla between the two groups included Bacteroidetes (45.2 ± 3.0%), Firmicutes (37 ± 2.8%), and Proteobacteria (0.9 ± 0.1%). The main dominant bacterial genera included Prevotella (24.3 ± 2.3%), Bacteroides (4.6 ± 0.3%), and Clostridium (3.1 ± 0.4%). The main dominant bacterial species included Clostridiales bacterium (3.5 ± 0.3%), Prevotella ruminicola (2.3 ± 0.3%), Prevotella.sp.ne3005 (2.0 ± 0.2%), Bacteroidales bacterium WCE2004 (1.8 ± 0.1%), Prevotella.sp.tc2-28 (1.5 ± 0.2%), and Prevotella.sp.tf2-5 (1.2 ± 0.1%). Through comparative analysis of differential abundance, it was found that at the phylum level, Bacteroidetes and Proteobacteria were more abundant in the rumen of HH dairy buffaloes, while Firmicutes were more abundant in the rumen of LL dairy buffaloes. At the genus level, Prevotella was more abundant in the rumen of HH dairy buffaloes, while Clostridium and Bacteroides were more abundant in the rumen of LL dairy buffaloes (Supplementary Figure S2). At the species level, 32 microorganisms were found to be more abundant in the rumen of HH dairy buffaloes, including 10 species of Prevotella, 5 species of Bacteroides, 4 species of Barnesiella, 3 species of Lachnospiraceae, 3 species of Porphyromonas, 2 species of Ruminococcus, 2 species of Butyrivibrio, 1 species of Chryseolinea, 1 species of Stomatobaculum, and 1 species of uncultured bacterium (Figure 2A). Additionally, 21 microorganisms were found to be more abundant in the rumen of LL dairy buffaloes (LDA > 2, p < 0.05; Figure 2B).
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FIGURE 2
 Differential rumen bacterial species between HH and LL dairy buffaloes. (A) Significantly different bacterial species in the rumen of HH dairy buffaloes. (B) Significantly different bacterial species in the rumen of LL dairy buffaloes. LDA > 2, p < 0.05.


The results for archaea showed that at the phylum level, Euryarchaeota (96.3 ± 0.7%) was the most abundant archaeal phylum, which was significantly higher in the rumen of LL dairy buffaloes. At the genus level, Methanobrevibacter (51 ± 10.8%) was the most abundant archaeal genus, which was significantly higher in the rumen of LL dairy buffaloes, while most of the remaining differential genera were higher in the rumen of HH dairy buffaloes. At the species level, Methanogenic archaeon mixed culture ISO4-G1 (19.6 ± 6.1%) and Methanobrevibacter millerae (14 ± 5.7%) were the most abundant archaea (Supplementary Figure S3). When comparing the differential archaeal species between the two groups, it was found that 7 archaeal species were significantly more abundant in the rumen of HH dairy buffaloes (Figure 3A), while 6 archaeal species were significantly more abundant in the rumen of LL dairy buffaloes (LDA > 2, p < 0.05; Figure 3B).
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FIGURE 3
 Differential rumen archaeal species between HH and LL dairy buffaloes. (A) Significantly different archaeal species in the rumen of HH dairy buffaloes. (B) Significantly different archaeal species in the rumen of LL dairy buffaloes. LDA > 2, p < 0.05.




Functional profiles of the rumen microbiome and differential functions between the HH and LL dairy buffaloes

In this experiment, the functions of the rumen microbiome were determined by the Kyoto Encyclopedia of Genes and Genomes (KEGG) profiles and genes encoding CAZymes (Supplementary Figure S4). The KEGG functional profile identified 387 metabolic third-level pathways. Of these, 228 are part of the rumen microbial metabolic pathways (Supplementary Table S4). These pathways belonged to four first-level categories, including “Metabolism” (57.3 ± 0.6%), “Cellular processes” (9.5 ± 0.2%), “Environmental information processing” (11.1 ± 0.3%), and “Genetic information processing” (22 ± 0.3%). At the second-level categories, 23 s-level pathways of rumen microbial metabolism were identified, of which “Carbohydrate metabolism” (15.6 ± 0.1%), “Amino acid metabolism” (10.6 ± 0.1%), “Nucleotide metabolism” (8.3 ± 0.1%), “Energy metabolism” (7.0 ± 0.1%), “Translation” (6.7 ± 0.2%), and “Cofactor and vitamin metabolism” (6.5 ± 0.1%) were the highest relative content (Supplementary Figure S5). When comparing the identified KEGG functions, there were 10 third-level pathways and 9 functional modules that were significantly enriched in the rumen microbiome of HH dairy buffaloes (Figure 4A), while 8 third-level pathways and 8 functional modules were significantly enriched in the rumen microbiome of LL dairy buffaloes (LDA > 2, p < 0.05; Supplementary Figure S6). Regarding carbohydrate, vitamin, lipid, and energy metabolism, 7 third-level pathways and 7 functional modules were enriched in the rumen microbiome of HH dairy buffaloes. The 7 third-level pathways included “fatty acid biosynthesis” (ko00061), “butyric acid metabolism” (ko00650), “glycerophospholipid metabolism” (ko00564), “fructose and mannose metabolism” (ko00051), “linoleic acid metabolism” (ko00591), “alpha-linolenic acid metabolism” (ko00592), and “biotin metabolism” (ko00780). The 7 functional modules included “fatty acid biosynthesis, initiation” (M00082), “fatty acid biosynthesis, elongation” (M00083), “ketone body biosynthesis” (M00088), “phosphatidylethanolamine (PE) biosynthesis” (M00093), “phosphatidylcholine biosynthesis, PE = > PC” (M00091), “biotin biosynthesis” (M00123), and “pimeloyl ACP biosynthesis, BioC-BioH pathway” (M00572); 4 third-level pathways and 6 functional modules were enriched in the rumen microbiome of LL dairy buffaloes. The four third-level pathways included “steroid hormone biosynthesis” (ko00140), “fatty acid degradation” (ko00071), “methane metabolism” (ko00680), and “retinol metabolism” (ko00830). The six functional modules included “beta oxidation” (M00087), “acetyl coenzyme A pathway” (M00422), “xylulose monophosphate pathway” (M00344), “serine pathway” (M00346), and “methanogenesis” (M00357, M00567) (Figure 4B).
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FIGURE 4
 Differential KEGG functions between HH and LL dairy buffaloes. (A) HH/LL fold change of significantly enriched metabolic pathways. (B) Differential microbial functions involved in carbohydrate metabolism, vitamin metabolism, lipid metabolism, and energy metabolism in the rumen of HH and LL dairy buffaloes. LDA > 2, p < 0.05.


For the CAZymes functional profile, 306 genes encoding CAZymes were identified (Supplementary Table S5), including 7 auxiliary activities (AAs), 70 carbohydrate-binding modules (CBMs), 14 carbohydrate esterases (CEs), 133 glycoside hydrolases (GHs), 62 glycosyltransferases (GTs), and 20 polysaccharide lyases (PLs). Of these, the gene encoding GH2 (7.1 ± 0.1%) was the most dominant, followed by the gene encoding GH3 (6.3 ± 0.1%), the gene encoding GH43 (6.2 ± 0.2%), the gene encoding GT2 (4.3 ± 0.2%), and the gene encoding GH13 (3.1 ± 0.1%). By comparing the data between the two groups, in the second-level categories, 1 AAs, 6 CBMs, 3 CEs, 14 GHs, 9 GTs, and 2 PLs were enriched in the rumen microbiome of HH dairy buffaloes, while 0 AAs, 4 CBMs, 0 CEs, 8 GHs, 7 GTs, and 1 PLs were enriched in the rumen microbiome of LL dairy buffaloes (LDA > 2, p < 0.05; Supplementary Figure S7). Glycoside hydrolases (GHs) and carbohydrate-binding modules (CBMs) are among the CAZyme genes primarily involved in the degradation of plant cellulose in diets. They are closely related to cellulases, xylanases, and other enzymes. Glycosyltransferases (GTs) are carbohydrate synthesis enzymes encoded by CAZyme genes. They are primarily associated with rumen fermentation and the production of volatile fatty acids. Higher abundance of GHs, CBMs, and GTs was observed in the rumen microbiome of HH dairy buffaloes.



Associations between microbial species and microbial functions

As milk fat yield is an important indicator of milk production traits, we further focused on the functions of lipid metabolism in the rumen microbiome. The rumen metagenome results showed 15 pathways regarding lipid metabolism between the two groups, 6 of which differed significantly between the 2 groups (LDA  >  2, p  <  0.05; Figure 5A), including “fatty acid biosynthesis,” “glycerophospholipid metabolism,” “linoleic acid metabolism,” “alpha-linolenic acid metabolism,” “steroid hormone biosynthesis,” and “fatty acid degradation.” We found two important pathways involved in lipid metabolism, which were “fatty acid biosynthesis” (ko00061, enriched in the rumen microbiome of HH dairy buffaloes) and “fatty acid degradation” (ko00071, enriched in the rumen microbiome of LL dairy buffaloes), and these pathways showed a converse enrichment between the HH and LL groups (Figure 5B). The abundances of genes encoding enzymes involved in these two pathways were also compared, showing that the abundances of genes encoding enzymes involved in fatty acid biosynthesis were all significantly enriched in the rumen microbiome of HH dairy buffaloes, while the abundances of genes encoding enzymes involved in fatty acid degradation were all significantly higher in the rumen microbiome of LL dairy buffaloes (p < 0.05; Supplementary Figure S8). Spearman’s rank correlation network between bacterial species and those two fatty acid metabolism pathways was then created to explore how rumen bacterial species could affect the microbial fatty acid functions. In total, 16 species showed a significant positive correlation with the fatty acid biosynthesis pathway and a significant negative correlation with the fatty acid degradation pathway, including Prevotella.bivia, Prevotella.sp.CAG485, Prevotella.sp.CAG873, Prevotella.sp.KHD1, Prevotella.sp.CAG1031, Prevotella.sp.HUN102, Prevotella.phocaeensis, Lachnospiraceae.bacterium.NE2001, Lachnospiraceae.bacterium.XBD2001, Lachnospiraceae.bacterium.AC2031, Bacteroides.sp.CAG927, Bacteroidales.bacterium.52–46, Barnesiella.sp.An22, Barnesiella.viscericola, Butyrivibrio.sp.AE3009, and Butyrivibrio.sp.LB2008 (R > 0.5, p < 0.05; Figure 5C).
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FIGURE 5
 Microbial functions and species involved in lipid metabolism in the rumen of HH and LL dairy buffaloes. (A) Comparison of microbial functions involved in lipid metabolism in the rumen of HH and LL dairy buffaloes. (B) Fatty acid biosynthesis and degradation pathways. (C) Spearman’s correlation between significantly different bacterial species and two fatty acid metabolism pathways. LDA > 2, p < 0.05, * p < 0.05, ** p < 0.01. The color depth (red: positive, green: negative) is proportional to the correlation strength. Spearman’s R > 0.5 or < − 0.5 and p < 0.05 are considered as significant.




Rumen metabolome and serum metabolome

A total of 1,714 compounds were identified in the rumen metabolome; after t-test and VIP filtering for the relative concentrations of rumen metabolites, 79 metabolites were significantly different between the two groups of dairy buffaloes (Figure 6A), with 59 metabolites significantly higher in the rumen of HH dairy buffaloes and 20 metabolites significantly higher in the rumen of LL dairy buffaloes (VIP > 1, p < 0.05; Figure 6B). Based on these 79 significantly different rumen metabolites, analysis of the metabolic pathways revealed enrichment in 13 metabolic pathways (Figure 6C), with “tyrosine metabolism,” “vitamin B6 metabolism,” and “glutathione metabolism” being the significantly different pathways (p < 0.01; Figure 6D).
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FIGURE 6
 Rumen metabolome of HH and LL dairy buffaloes. (A) Comparison of rumen metabolome in HH and LL dairy buffaloes. (B) Significantly different rumen metabolites between HH and LL dairy buffaloes. (C) Pathway enrichment analysis performed using the significantly different rumen metabolites between HH and LL dairy buffaloes. (D) HH/LL fold change of significantly enriched metabolic pathways. The color depth (red: high, blue: low) is proportional to the relative concentrations. p < 0.05 was considered as significant. Only significant differences (p < 0.05) are displayed.


The concentrations of volatile fatty acids (VFAs) in the rumen were measured, and seven VFAs were found. The results showed that acetic acid, propionic acid, and butyric acid had the highest concentrations of VFAs in the rumen of dairy buffaloes in both groups. The concentration of total VFAs in the rumen of HH dairy buffaloes was significantly higher than that of LL dairy buffaloes. The concentrations of acetic acid, butyric acid, and capric acid in the rumen of HH dairy buffaloes were significantly higher than those of LL dairy buffaloes (p < 0.05), and the concentrations of propionic and valeric acids in the rumen of HH dairy buffaloes were slightly higher than those of LL dairy buffaloes (Figure 7A). Spearman’s correlation results indicate that most microorganisms enriched in the rumen of HH dairy buffaloes were positively correlated with phenotype (milk yield and milk fat yield), acetic acid concentration, butyric acid concentration, and total VFA concentration (R > 0.5, p < 0.05; Figure 7B).
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FIGURE 7
 Rumen volatile fatty acids (VFAs) of HH and LL dairy buffaloes. (A) Comparison of the concentrations of VFAs in the rumen of HH and LL dairy buffaloes. (B) Spearman’s correlation between significantly different bacterial species and VFAs and phenotypes. *p < 0.05, **p < 0.01. The color depth (red: positive, green: negative) is proportional to the correlation strength. Spearman’s R > 0.5 or < − 0.5 and p < 0.05 are considered as significant.


For the serum metabolome, we identified 1,356 compounds. Comparative analysis shows that 161 metabolites were significantly different between the two groups of dairy buffaloes (Figure 8A), with 135 metabolites significantly higher in the serum of HH dairy buffaloes and 26 metabolites significantly higher in the serum of LL dairy buffaloes (VIP > 1, p < 0.05; Figure 8B). Analysis of the metabolic pathways based on these 161 significantly different serum metabolites revealed enrichment in 18 metabolic pathways (Figure 8C), with “sphingolipid metabolism,” “alpha-linolenic acid metabolism,” and “sphingolipid signaling pathway” being the significantly different pathways (p < 0.01; Figure 8D).
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FIGURE 8
 Serum metabolome of HH and LL dairy buffaloes. (A) Comparison of serum metabolome in HH and LL dairy buffaloes. (B) Significantly different serum metabolites between HH and LL dairy buffaloes. (C) Pathway enrichment analysis is performed using the significantly different serum metabolites between HH and LL dairy buffaloes. (D) HH/LL fold change of significantly enriched metabolic pathways. The color depth (red: high, blue: low) is proportional to the relative concentrations. p < 0.05 was considered as significant. Only significant differences (p < 0.05) are displayed.


To identify whether the metabolites in rumen could be related to those in the serum, we compared the rumen and serum metabolome, including the significantly different metabolites and metabolic pathways between the two groups. The Venn diagram of differential metabolites showed that PC (18:2(9Z,12Z)/15:0) and PE(20,0_18,0) were shared by both rumen and serum of HH dairy buffaloes. For the differential metabolic pathways, six pathways were common in both the rumen and serum of HH dairy buffaloes, including “vitamin B6 metabolism,” “phosphatidylinositol signaling system,” “glycerophospholipid metabolism,” “arachidonic acid metabolism,” “glycerolipid metabolism,” and “inositol phosphate metabolism” (Supplementary Figure S9).



Relationship between metabolites and phenotypes

The rumen metabolome was also used for phenotype (milk yield and milk fat yield) association analysis; the results of Spearman’s correlation between differential rumen metabolites and phenotype (milk yield and milk fat yield) showed that 26 rumen metabolites were significantly positively correlated with milk yield and milk fat yield, and 10 rumen metabolites were significantly negatively correlated with milk yield and milk fat yield (R > 0.5, p < 0.05; Figure 9A). These metabolites participate in six metabolic pathways, including “biosynthesis of amino acids,” “alanine, aspartate, and glutamate metabolism,” “arachidonic acid metabolism,” “glycerolipid metabolism,” “glycerophospholipid metabolism,” and “tyrosine metabolism.”
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FIGURE 9
 Phenotype-associated metabolites of HH and LL dairy buffaloes. (A) Spearman’s correlation between significantly different rumen metabolites and phenotypes. (B) Spearman’s correlation between significantly different serum metabolites and phenotypes. The color depth (red: positive, green: negative) is proportional to the correlation strength. Spearman’s R > 0.5 or < − 0.5 and p < 0.05 are considered as significant. Only strong (Spearman’s R of > 0.5 or < − 0.5) and significant (p < 0.05) correlations are displayed.


Similarly, the results of Spearman’s correlation between differential host serum metabolites and phenotype (milk yield and milk fat yield) showed that 28 serum metabolites were significantly positively correlated with milk yield and milk fat yield, and 6 serum metabolites were significantly negatively correlated with milk yield and milk fat yield (R > 0.5, p < 0.05; Figure 9B). These metabolites participate in 9 metabolic pathways, including “glycerophospholipid metabolism,” “arachidonic acid metabolism,” “linoleic acid metabolism,” “alpha-linolenic acid metabolism,” “glycerolipid metabolism,” “sphingolipid metabolism,” “vitamin B6 metabolism,” “sphingolipid signaling pathway,” and “beta-Alanine metabolism.”

We defined these metabolites into phenotype-associated metabolites for further correlation analysis. The Venn diagram of phenotype-associated metabolites showed that “glycerophospholipid metabolism,” “glycerolipid metabolism,” and “arachidonic acid metabolism” were shared by both rumen and serum phenotype-associated metabolites of HH dairy buffaloes (Supplementary Figure S10).



Relationship between rumen microbiome, rumen metabolome, and serum metabolome and their explainabilities for phenotype

Spearman’s rank correlations between the rumen microbiota and rumen phenotype-associated metabolites were assessed, with the results revealing 590 significant correlations (R > 0.5, p < 0.05; Figure 10A). Among the 590 correlations, significantly positive correlations existed among mainly 11 species (Prevotella.sp.HUN102, Prevotella.bivia, Prevotella.sp.CAG873, Prevotella.phocaeensis, Prevotella.sp.CAG485, Prevotella.sp.CAG1031, Prevotella.sp.KHD1, Butyrivibrio.sp.AE3009, Barnesiella.sp.An22, Bacteroides.sp.CAG927, and Bacteroidales.bacterium.52–46), lipids, carbohydrates, and organic acids.

[image: Figure 10]

FIGURE 10
 Interactions between rumen metagenome, rumen metabolome, and serum metabolome. (A) Spearman’s correlations between rumen microbiota and phenotype-associated metabolites in the rumen. (B) Spearman’s correlations between rumen microbiota and phenotype-associated metabolites in serum. The color depth (red: positive, green: negative) is proportional to the correlation strength. Spearman’s R > 0.5 or < − 0.5 and p < 0.05 are considered as significant.


Similarly, the study assessed Spearman’s rank correlations between the rumen microbiota and serum phenotype-associated metabolites, and the results showed 531 significant correlations (R > 0.5, p < 0.05; Figure 10B). Among the 531 correlations, mainly 10 species (Prevotella.sp.CAG1031, Prevotella.sp.HUN102, Prevotella.sp.KHD1, Prevotella.phocaeensis, Prevotella.sp.CAG279, Bacteroides.sp.CAG927, Bacteroidales.bacterium.52–46, Barnesiella.sp.An22, Ruminococcus.bicirculans, and Butyrivibrio.sp.AE3009) showed significantly positive correlations with lipids and organic acids.

Significant correlations were also found between the phenotype-associated metabolites and the 17 functional modules of the rumen microbiome (Supplementary Figure S11).

A linear mixed model was used to calculate the impact of rumen microbial composition, functions, metabolites, and serum metabolites on milk yield and milk fat yield in dairy buffaloes (Supplementary Table S6). The phenotypic variation explained by the rumen microbial composition, rumen microbial functions, rumen metabolome, and serum metabolome was 34.04, 47.13, 39.09, and 50.14%, respectively (Figure 11).
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FIGURE 11
 Overview of the workflow. Rumen microbial species (bacteria and archaea) and functions (CAZymes and KEGG functions) were compared between two phenotype (milk yield and milk fat yield) groups (HH and LL). Rumen metabolites were compared between two groups, and the key rumen metabolic pathways were enriched based on the significantly different metabolites, the significantly different rumen metabolites were also separated into two groups that were either positively or negatively correlated with phenotype (milk yield and milk fat yield), defined as the “rumen phenotype-associated metabolites.” Concentrations of volatile fatty acids (VFAs) in the rumen were compared between two groups, and associations between significantly different VFAs and significantly different bacterial species. Serum metabolites were compared between two groups, and the key serum metabolic pathways were enriched based on the significantly different metabolites, the significantly different serum metabolites were also separated into two groups that were either positively or negatively correlated with phenotype, defined as the “serum phenotype-associated metabolites.” The rumen and serum metabolome were compared, including the significantly different metabolites, phenotype-associated metabolites, and differential metabolite-enriched pathways between two groups. The rumen and serum phenotype-associated metabolites were associated with rumen microbiome, including the significantly different rumen microbial species and functional modules between two groups. The proportion of variance in phenotype explained by the rumen microbial composition, rumen microbial functions, rumen metabolome, and serum metabolome (defined as omics-explainability) was estimated.





Discussion

We investigated the mechanisms by which rumen microorganisms, their metabolism, and host metabolism affect milk yield and milk fat yield in dairy buffaloes by integrating the results of multi-omics analysis and estimated the contributions of the rumen microbial composition, functions, metabolites, and serum metabolites to the variations in this trait.

In rumen metagenome experiments, bacteria were the most abundant group in the rumen of dairy buffaloes, which was consistent with previous microbial studies (Peng et al., 2019), and we found that the significantly different microorganisms in the HH and LL dairy buffaloes were mainly bacteria. Bacteria play a significant role in the degradation and fermentation of diets in the rumen of ruminants, providing energy to the animal organism, which suggests that bacteria have a crucial impact on the milk yield and milk fat yield compared with other microbial kingdoms (Bickhart and Weimer, 2018). At the bacterial species level, we identified several significantly more abundant species in the rumen of HH dairy buffaloes, which mainly belonged to genera, such as Prevotella, Bacteroides, Butyrivibrio, Barnesiella, Lachnospiraceae, and Ruminococcus. First, Prevotella, one of the core genera, is quite abundant in the rumen of dairy buffaloes. This genus is able to use starch and protein in the diet to produce more succinic and acetic acids (Betancur-Murillo et al., 2022). Second, another significantly higher genus in the rumen of HH dairy buffaloes is Barnesiella. This genus is not only the main volatile fatty acid-producing bacteria but is also closely associated with the production of bile acids that facilitate the transport and absorption of fatty acids in the body (Mu et al., 2021). In addition to the aforementioned genera, Bacteroides, Butyrivibrio, Lachnospiraceae, and Ruminococcus are also common bacteria that produce volatile fatty acids. These bacteria were found to be positively correlated with volatile fatty acid concentrations and phenotype (milk yield and milk fat yield), indicating their significant role in the biosynthesis of volatile fatty acids and contribution to milk yield and milk fat yield. The Spearman’s correlation results showed that several Prevotella, Barnesiella, Bacteroides, and Ruminococcus species showed positive correlations (R > 0.5, p < 0.05) with the concentrations of acetic acid, butyric acid, and total VFAs, suggesting that may be the key microbial species responsible for the higher concentrations of acetic and butyric acids in the rumen of HH dairy buffaloes. On the other hand, we found that the species with higher relative abundance in the rumen of LL dairy buffaloes mainly belonged to genera, such as Selenomonas, Sphaerochaeta, and Spirochaetes. The genus Selenomonas is capable of fermenting glucose to produce acetic acid and propionic acid, but it has also been reported to be the dominant group contributing to methane production (Kornel, 2015). Research has demonstrated a positive correlation between the genus Sphaerochaeta and the production of methane and VFA (Zhao et al., 2018). Additionally, the genus Spirochaetes has been found to break down propionic acid, butyric acid, and valeric acid into acetic acid for the consumption by methanogenic bacteria (Long et al., 2021). These findings suggest that the rumen of LL dairy buffaloes may expend more energy for methane production, which could contribute to a reduction in milk yield and milk fat yield. Regarding archaea, we found a higher abundance of genus-level Methanobrevibacter and species-level Methanobrevibacter millerae in the rumen of LL dairy buffaloes, suggesting that LL dairy buffaloes may produce more methane, leading to less-efficient milk production (Shabat et al., 2016). Although only bacteria and archaea show significant differences in overall microbial structure, we cannot ignore the remaining small fraction of eukaryotes, viruses, and protozoa in the rumen environment. For instance, fungi can aid in the breakdown of structurally complex crystalline cellulose by assisting bacteria, and protozoa can modulate the internal rumen environment by phagocytosis bacteria and fungi (Guo et al., 2023). In conclusion, their action on the host, their degradation of diet fiber in the rumen, and their interaction with bacteria are all likely to be important factors influencing milk production traits in dairy buffaloes, which may warrant further studies in the future.

The two groups of dairy buffaloes exhibited differences in microbial functions due to variations in rumen microbial composition. The analysis of KEGG functions shows that the rumen of HH dairy buffaloes is enriched with more metabolic functions regarding carbohydrates, vitamins, lipids, and energy. For instance, the rumen microbiome of HH dairy buffaloes appears to be more proficient in degrading carbohydrates as evidenced by the metabolic pathways “fructose and mannose metabolism” (ko00051), “butyric acid metabolism” (ko00650), and “fatty acid biosynthesis” (ko00061) involving the pyruvate metabolic pathways, resulting in a higher yield of hydrolysis products and pyruvate. Meanwhile, the analysis of CAZyme functions revealed that the abundance of genes encoding plant cellulose-degrading enzymes (GHs and CBMs) in the diet was higher in the rumen of HH dairy buffaloes; the main enrichment was observed in GH13, GH25, GH53, and CBM26, which can express amylase, glucanase, cellulase, xylanase, mannanase, and galactanase indicated that the rumen microbiota of HH dairy buffaloes is more capable of degrading complex substrates in the diet. Furthermore, the higher abundance of genes encoding the primary enzymes involved in carbohydrate synthesis (GTs) and the concentration of the primary VFAs were significantly greater in the rumen of HH dairy buffaloes, suggesting that the microorganisms in the rumen of HH dairy buffaloes were more efficient in producing VFAs through hydrolysis products or pyruvate, resulting in increased energy availability for lactogenesis in dairy buffaloes and improved milk production traits (Xue et al., 2020). In contrast, the rumen microbiome of LL dairy buffalo showed a significant enrichment in the “methane metabolism” (ko00680) pathway, and genes encoding related enzymes involved in methanogenesis, with a higher abundance of EC 2.1.1.86, a methyltransferase that transfers methyl from the coenzyme tetrahydromethanopterin to coenzyme M (CoM), which is required for methane production. Similarly, EC 2.8.4.1 is more abundant, which is a methyl coenzyme M reductase responsible for the final step of methanogenesis in methanogenic metabolism (Chen et al., 2020). These results suggest that in the rumen of LL dairy buffaloes, the energy produced by microbial degradation and fermentation of the diet is utilized more by methane metabolic processes, resulting in lower energy from VFAs (Shi et al., 2014). Both the concentration of VFAs and methane emission in the rumen of ruminants have been reported to be closely related to feed conversion efficiency (Myer et al., 2015; Li and Guan, 2017), so we speculated that to some extent, the rumen microbiome affects feed efficiency, and HH dairy buffaloes may have higher feed conversion efficiency than LL dairy buffaloes. Future measurements of methane emissions and feed conversion efficiency are needed to validate this hypothesis.

Regarding lipid metabolism functions, “linoleic acid metabolism” (ko00591), “alpha-linolenic acid metabolism” (ko00592), and “glycerophospholipid metabolism” (ko00564) are significantly enriched in the rumen microbiome of HH dairy buffaloes and genes encoding related enzymes involved in lipolysis, with a higher abundance of EC 3.1.1.4 and EC 3.1.4.4, a class of phospholipases with hydrolytic effects on phospholipids and triglyceride structures (Lv et al., 2022), suggesting that the rumen microbiome of HH dairy buffaloes may have a greater ability to break down fat in the diet and facilitate lipid transport, resulting in more precursors and energy being available. In addition, rumen microbes synthesize up to 20% of the host animal’s fat requirements, and the enrichment of the “fatty acid biosynthesis” (ko00061) functions in the rumen of HH dairy buffaloes suggests that more microbial lipids may be synthesized in their rumen, and these lipids are then digested in the small intestine and provide the host with a fatty acid pool (Martinez-Alvaro et al., 2022), which, in turn, provides more precursors for milk fat synthesis in the mammary gland. On the other hand, the function “fatty acid degradation” (ko00071), which is enriched in the rumen of LL dairy buffaloes, not only affects the amount of fatty acids reaching the small intestine but has also been shown to cause reduced growth performance in pigs (Meyer et al., 2020). Spearman’s correlation results show that most of the species positively correlated with the metabolic pathways of “fatty acid biosynthesis” and negatively correlated with the pathway of “fatty acid degradation,” which belong to genera, such as Prevotella, Lachnospiraceae, Bacteroides, Butyrivibrio, and Barnesiella, suggesting that these species may play an important role in the biosynthesis of fatty acids, which is the first report in a study of the rumen microbiome of dairy buffaloes. In the future, research should be conducted using in vitro simulated rumen environment cultures to detect the functions of active microorganisms and intracellular energy changes, and this will help determine the specific roles of these species in lipid metabolism processes.

Our study has identified another important metabolic pathway which is vitamin metabolism. Ruminant rumen microbes synthesize vitamin B and vitamin K, which can function as precursors to coenzyme factors involved in basic metabolic processes, such as fatty acid synthesis, amino acid synthesis, and gluconeogenesis to meet their growth and development needs (Jiang et al., 2022). “Biotin metabolism” (ko00780) is a metabolic pathway of vitamin metabolism that is significantly enriched in the rumen microbiome of HH dairy buffaloes; biotin mainly involved as a cofactor in the transfer of CO2 in carboxylases, such as acetyl CoA carboxylase can catalyze the synthesis of malonic acid monoacyl CoA from acetyl CoA and CO2, providing a two-carbon compound for fatty acid synthesis (Chao et al., 2022). Numerous studies have reported that supplementing additional B vitamins in the diet can significantly enhance milk yield in cows, including milk component yield, suggesting that excellent milk production traits also depend on higher levels of vitamin B (Du et al., 2021). Therefore, it is possible that the rumen microbes of HH dairy buffaloes are able to produce more vitamin B, which may be one of the reasons for their higher milk and milk fat yield. Furthermore, we have identified a metabolic pathway that is significantly enriched in the rumen microbiome of high-producing dairy buffaloes: “Bacterial chemotaxis” (ko02030) for cellular processes. Bacterial chemotaxis is primarily interpreted as a foraging strategy, whereby bacteria adjust their movements toward more growth-friendly nutrients, which can also contribute to the expansion of microenvironmental colonization and the maintenance of bacterial diversity (Colin et al., 2021). Although the exact ecological role is unknown, we hypothesize that rumen microbes of HH dairy buffaloes may be better at sensing and finding favorable nutrients. In the future, further testing of vitamin B production and microbial flagellar motility proteins is necessary to provide a better understanding of the contribution of these functions to milk yield and milk fat yield.

As the outcome of microbiome compositional and functional differences, differences in rumen metabolites and serum metabolites between the two groups were found in this study. In the rumen metabolome, the metabolites that were in higher concentrations in the rumen of HH dairy buffaloes compared with the LL dairy buffaloes included mainly lipids, organic acids, coenzymes vitamins, and carbohydrates. First, the rumen of HH dairy buffaloes showed higher concentrations of D-glyceric acid, D-glucosamine 6-phosphate, and ribulose-5-phosphate, and these metabolites are mainly involved in the “pentose phosphate pathway” (ko00030) and “glutathione metabolism” (ko00480), suggesting that more energy may be produced in the rumen and made available to the host animal (Allen and Piantoni, 2014). Second, the rumen of HH dairy buffaloes contained higher concentrations of diglycerides, triglycerides, phosphatidylinositol, phosphatidylethanolamine, and phosphatidylcholine; these metabolites are mainly involved in “glycerolipid metabolism” (ko00561) and “glycerophospholipid metabolism” (ko00564), suggesting that greater lipid metabolism and transport in the rumen of HH dairy buffaloes provide more precursors for milk fat synthesis. In addition, the rumen of HH dairy buffaloes had higher concentrations of several coenzyme vitamins and volatile fatty acids, confirming our rumen metagenome view that these higher concentrations are beneficial in enhancing lactation performance. In addition, the rumen of HH dairy buffaloes had higher concentrations of several coenzyme vitamins and volatile fatty acids, confirming our rumen metagenome view that these higher concentrations are beneficial in enhancing lactation performance. Finally, Spearman’s correlation results showed that the metabolites that positively correlated with milk yield and milk fat yield were mainly lipids, carbohydrates, and organic acids, suggesting that the functions and pathways involved in these metabolites provide more metabolic energy to mammary glands of the HH dairy buffaloes via bloodstream (Wu et al., 2018). This study detected and analyzed a full class of endogenous small molecules using liquid chromatography, and future studies should employ more advanced metabolomics techniques to analyze a greater number of large metabolites and comprehensive targeted assays for key types of metabolites to further explore the impact of microbial metabolic changes on host animals.

In the serum metabolome, the metabolites that were in higher concentrations in the serum of HH dairy buffaloes compared with the LL dairy buffaloes were mainly lipids, and a small proportion of organic acids, bile acids, and heterocyclic compounds. First, in addition to the known lipid metabolites in the rumen metabolome, the serum metabolome also includes phosphatidylserine, sphingomyelin, and ceramide, and these metabolites are mainly involved in “phospholipase D signaling pathway” (ko04072), “sphingolipid signaling pathway” (ko04071), and “phosphatidylinositol signaling pathway” (ko04070), suggesting that HH dairy buffaloes perform better in cellular signaling and lipid transport, which may be more conducive to transporting precursors to mammary tissue and improving the efficiency of milk fat synthesis. Second, the metabolic pathways of polyunsaturated fatty acids and vitamins were enriched in the serum of HH dairy buffaloes, suggesting a connection between rumen and host serum metabolism, which could contribute to the improvement of host metabolic capacity. Finally, Spearman’s correlation results showed that the metabolites that positively correlated with milk yield and milk fat yield were mainly lipids and organic acids, suggesting that the functions and pathways involved in these metabolites promote the formation of a stable metabolic system in HH dairy buffaloes, contributing to blood circulation, nutrient transport, and absorption. While the rumen plays a crucial role in the digestive system of ruminants, it is important to note that the gut also plays a vital part in the system (Mou, 2017). which may be worth studying together in the future to further explore the factors that influence host metabolism.

In ruminant studies, the relationship between the rumen microbiome and the metabolome has been reported for both goats (Mao et al., 2016) and dairy cows (Xue et al., 2020). However, whether and how the rumen microbes could interact with the microbial metabolites and host metabolites remains unknown. Our current study demonstrates a positive correlation between specific microbiota and both rumen phenotype-associated metabolites and serum phenotype-associated metabolites. By Spearman’s correlation analysis, we found that rumen phenotype-associated metabolites showed a strong positive correlation mainly with several species Prevotella, Butyrivibrio, Barnesiella, and Bacteroides, while serum phenotype-associated metabolites showed a strong positive correlation mainly with several species Prevotella, Bacteroides, Barnesiella, Ruminococcus, and Butyrivibrio. Additionally, the phenotype-associated metabolites in both the rumen and serum were also significantly correlated with the 17 KEGG functional modules of the rumen microbiome, suggesting a responsive relationship between these metabolites and the functions of the rumen microbiome. In summary, the composition and functions of rumen microbes affect both microbial and host metabolism, which, in turn, impact host milk production traits. Specifically, 8 species have been identified as having a significant impact on these processes, including Prevotella.sp.CAG1031, Prevotella.sp.HUN102, Prevotella.sp.KHD1, Prevotella.phocaeensis, Butyrivibrio.sp.AE3009, Barnesiella.sp.An22, Bacteroides.sp.CAG927, and Bacteroidales.bacterium.52–46, which are closely associated with phenotype-associated metabolites in the rumen and serum, may be a key contributor to high milk yield and milk fat yield in HH dairy buffaloes, the role of these microorganisms can be further validated in the future through colony transplantation. These findings provide new insights into the interactions among ruminant rumen microbial composition, functions, metabolism, and host metabolism, and the functional mechanisms by which they collectively contribute to altered host animal traits.

Recent studies have reported that the host, together with the rumen microbiome, affect dairy cow traits, including methane production (Difford et al., 2018), feed conversion efficiency (Xue et al., 2022), and milk production traits (Wallace et al., 2019). Our current findings suggest that the rumen microbiome, rumen metabolome, and serum metabolome influence host milk production and milk fat yield. Meanwhile, we refer to a study on rumen microbiome affects milk protein yield in dairy cows (Xue et al., 2020), then calculated the proportional effects of rumen microbial composition, functions, metabolism, and host metabolism on the variation in milk yield and milk fat yield were 34.04, 47.13, 39.09, and 50.14%, respectively, defined as “omics-explainability.” This concept was first proposed by Difford et al. in dairy cows, estimating by quantifying the cumulative effect of microbial abundance on the variation in phenotypic traits. This concept has been applied to studies on several animals, including pigs (Camarinha-Silva et al., 2017), chickens (Wen et al., 2019), and dairy cows (Difford et al., 2018) but has not yet been reported on dairy buffaloes. Our study suggests that host serum metabolism had the greatest influence on milk yield and milk fat yield in dairy buffaloes, followed by the functions of rumen microorganisms. Although several studies have indicated that rumen microbial composition and functions significantly contribute to the different individualized performance of ruminants, such as feed conversion efficiency (Li and Guan, 2017) and methane emissions (Difford et al., 2018). However, it is suggested by our results that host metabolism is a crucial factor that cannot be overlooked in future studies and aimed at enhancing feed conversion efficiency and production performance in ruminants, even better prediction of milk production traits may be achieved by utilizing host serum metabolites. Compared with models that use only host animal genetic data, further research testing the predictive accuracy of multi-omics data for milk production traits will provide more evidence for this potential new selection criterion.

Although the factors affecting the milk yield and milk fat yield of dairy buffaloes including feeding environment, diet, feeding management, age, parity, lactation stage, and breed were largely controlled in our study, we found that variations in milk production traits were also attributed to variations in rumen microorganisms and their metabolites, as well as the host’s utilization and absorption of metabolites. In addition to the aforementioned factors, this milk production traits could also be attributed to variations in genetics. Recent studies have reported that genetic factors not only affect the phenotypic characteristics of ruminants but also the rumen microbiota, and the heritable microbial taxa were associated with feed efficiency and methane emission (Abbas et al., 2019), as well as the possible existence of different heritability for those microbes, functions, and metabolites (Li et al., 2019). Further studies are required to assess this heritability, providing more evidence for the possibility of manipulating rumen microbes, functions, and metabolites through genetic selection.



Conclusion

Our research has identified the rumen microbial taxonomic features, functions, and metabolites together with their interactions with host metabolism that contribute to milk yield and milk fat yield in dairy buffaloes. Dairy buffaloes with higher milk yield and milk fat yield had lower abundances of methanogenic archaea and methanogenic functions, leading to higher functions and enzymes involved in carbohydrate synthesis and higher concentrations of VFAs in the rumen. The microorganisms in the rumen of HH dairy buffaloes serve as stronger vitamin B producers, meeting the requirement for higher milk production performances. Mainly eight species were enriched in the rumen of HH dairy buffaloes and were closely associated with fatty acid biosynthesis functions, lipid metabolism functions, rumen lipid metabolites, and serum lipid metabolites, including Prevotella.sp.CAG1031, Prevotella.sp.HUN102, Prevotella.sp.KHD1, Prevotella.phocaeensis, Butyrivibrio.sp.AE3009, Barnesiella.sp.An22, Bacteroides.sp.CAG927, and Bacteroidales.bacterium.52–46, which provide more precursors for milk fat synthesis. As the outcome of the microbial composition and functions differences, we found higher concentrations of metabolites (mainly lipids, carbohydrates, and organic acids) and end-products of VFAs (mainly acetic and butyric acids) in the rumen of HH dairy buffaloes, as well as higher concentrations of metabolites (mainly lipids and organic acids) in the serum of HH dairy buffaloes, suggesting that variations in rumen microbial metabolism contribute to differences in metabolites that are absorbed and transported by the host. The “omics-explainability” results indicated that serum metabolites and rumen microbial functions had a greater impact on milk yield and milk fat yield than rumen microbial metabolites and microbial composition. In conclusion, these findings provide insights into strategies for modifying the rumen microbiota for higher yield and quality of buffalo milk through feeding management, colony transplantation, or genetic selection.



Materials and methods


Animals, sampling, and physiological parameters measurement


Animal phenotype and feeding management

Based on complete phenotypic data (milk production and milk composition) obtained from 24 weeks of observation, collection, testing, and recording, 12 high-yield dairy buffaloes (dairy buffaloes with high milk yield and milk fat yield; HH group) and 12 low-yield dairy buffaloes (dairy buffaloes with low milk yield and milk fat yield; LL group) were selected from the cohort of 226 healthy mid-lactation Murrah dairy buffaloes at a local commercial dairy buffalo breeding base in Guangxi. Dairy buffaloes received the same diet with a concentrate-to-forage ratio of 30:70 (dry matter basis).



Collection of rumen contents

After 4 h of morning feeding, rumen contents were sampled using oral stomach tubes and preserved in liquid nitrogen; VFAs contents were measured using an Agilent 7890B-7000D GC–MS/MS.



Collection of blood

Using anticoagulant blood collection vessels to collect blood from the jugular vein and preserve in liquid nitrogen, biochemical indicators in the blood were measured using a URIT automated biochemistry analyzer CA-810B.




Analysis of rumen metagenome


DNA extraction and detection

Total genomic DNA was extracted from rumen contents using the TIANGEN Magnetic Universal Genomic DNA Kit. DNA purity and integrity were analyzed using 1% agarose gel electrophoresis (AGE). DNA was quantified using the Qubit® dsDNA Assay Kit in Qubit® 2.0 Fluorometer (Life Technologies, CA, USA). The DNA sample is diluted with sterile water until the OD value is between 1.8 and 2.0.



Library construction and sequencing

Taking 1 μg of DNA sample, library construction was performed using the NEBNext® Ultra™ DNA Library Prep Kit for Illumina® (NEB, USA). The qualified DNA samples were randomly broken into fragments of approximately 350 bp by Covaris ultrasonic crusher, and the whole library preparation was completed through the steps of end repair, addition of A-tail, addition of sequencing connector, purification, and PCR amplification. After the library was constructed, Qubit 2.0 was used for preliminary quantification, and the library was diluted to 2 ng/μL. Then, the insert size of the library was detected by Agilent 2,100, and after the insert size conformed to the expectation, Q-PCR was used to accurately quantify the effective concentration of the library (the effective concentration of the library was >3 nM), so as to ensure the quality of the library. The quality of the library was ensured by the Q-PCR method. After passing the library inspection, different libraries are pooled according to the effective concentration and the target downstream data volume and then sequenced by Illumina PE150.



Sequencing results pretreatment

Preprocessing the Raw Data obtained from the Illumina HiSeq sequencing platform using Readfq (V81) was conducted to acquire the Clean Data for subsequent analysis: Removes reads that contain more than a certain percentage of low-quality bases (quality value ≤38) (set to 40 bp by default). Remove N bases up to a certain percentage of reads (default set to 10 bp). Removes reads that overlap with the Adapter above a certain threshold (set to 15 bp by default). If there is host contamination in the sample, it needs to be compared with the host sequence to filter out reads that may originate from the host (Karlsson et al., 2012, 2013; Scher et al., 2013) (Bowtie2 software is used by default with the parameter settings: -end-to-end, −sensitive, -I 200, −X 4002).



Metagenome assembly

After preprocessing to get Clean Data, MEGAHIT assembly software (v1.0.4-beta) was used for assembly analysis (Assembly Analysis), assembly parameters: -presets meta-large (−-min-count 2 --k-min 27 --k-max 87 --k-step 10). Scaffolds obtained from assembly are broken from N junctions to obtain N-free sequence fragments called Scaftigs (Qin et al., 2010; Li et al., 2015) (i.e., continuous sequences within scaffolds). After QC of each sample, CleanData was compared with the assembled Scaftigs of each sample using Bowtie2 software with the comparison parameters (Karlsson et al., 2013; Nielsen et al., 2014): -end-to-end, −sensitive, -I 200, and -X 400. For Scaftigs generated from single-sample assembly, fragments below 500 bp (Karlsson et al., 2013; Li et al., 2014; Zeller et al., 2014; Sunagawa et al., 2015) were filtered out and subjected to statistical analysis and subsequent gene prediction.



Gene prediction and abundance analysis

Open Reading Frame (ORF) prediction was performed using MetaGeneMark software (V2.103) (Karlsson et al., 2012; Mende et al., 2012; Li et al., 2014; Oh et al., 2014; Qin et al., 2014) from the Scaftigs (≥ 500 bp) of each sample, and from the prediction results, the information with length of less than 100 nt (Qin et al., 2010; Zhu et al., 2010; Nielsen et al., 2014; Zeller et al., 2014; Sunagawa et al., 2015) was filtered out. The ORF prediction results of each sample assembly were de-redundant using CD-HIT software (V4.5.84) (Li and Godzik, 2006; Fu et al., 2012), to obtain non-redundant initial gene catalog (here, operationally, non-redundant sequences of nucleic acids encoding consecutive genes are referred to as genes (Zeller et al., 2014)), which were clustered by default with identity 95% and coverage 90% (Li et al., 2014; Qin et al., 2014), and the longest sequences were selected as representative sequences using the parameters: -c 0.95, −G 0, -aS 0.9, −g 1, −d 0. Using Bowtie2, Clean Data of each sample was compared with the initial gene catalog, and the number of reads on the comparison of the gene in each sample was calculated to obtain the number of reads on the comparison with the comparison parameters (Qin et al., 2010; Li et al., 2014): -end-to-end, −sensitive, -I 200, and -X 400. Genes that supported a read count of ≤2 (Zeller et al., 2014) in individual samples were filtered out to obtain the final gene catalog (Unigenes) for subsequent analysis. From the number of reads on the comparison and the gene length, the abundance information of each gene in each sample was calculated (Cotillard et al., 2013; Le Chatelier et al., 2013; Villar et al., 2015). Based on the abundance information of each gene in the gene catalog in each sample, downstream analysis was performed.



Taxonomy prediction

Using DIAMOND software, (V0.9.95) (Buchfink et al., 2015) the Unigenes were compared to bacterial, fungal, archaeal, and viral sequences drawn from NCBI’s NR (Version: 2018-01-026) database (blastp, evalue ≤1e-5) (Karlsson et al., 2013). Filtering of results: For each sequence, the results with evalue ≤ min evalue*10 are selected for subsequent analysis. After filtering, since each sequence may have multiple comparisons and get multiple different species classification information, in order to ensure its biological significance, the LCA algorithm (applied to the systematic classification of the MEGAN (Huson et al., 2011) software) is adopted, and prior to the appearance of the first branch, the taxonomic level is used as the species annotation information for the sequence. Starting from the LCA annotation results and gene abundance tables, information on the abundance of individual samples at each taxonomic level (phylum, order, family, genus, and species) is obtained, and for a given species, the abundance in a given sample is equal to the sum of the abundance of the genes annotated to that species (Karlsson et al., 2012; Li et al., 2014; Feng et al., 2015). From the LCA annotation results and gene abundance tables, a table of the number of genes in each sample at each taxonomic level (phylum, order, family, genus, and species) was obtained, and the number of genes in a given sample for a given species was equal to the number of genes whose abundance was not zero among the genes annotated to that species. Subsequent analysis was conducted from abundance tables at each taxonomic level (kingdom, phylum, order, family, genus, and species).



Common functional database annotations

Unigenes were compared with each functional database using DIAMOND software (blastp, evalue ≤1e-5) (Li et al., 2014; Feng et al., 2015). Result filtering: For each sequence, the result with the highest score (one HSP > 60 bits) is selected for subsequent analysis (Qin et al., 2012, 2014; Li et al., 2014; Backhed et al., 2015). From the comparison results, the relative abundance of different functional tiers [the relative abundance of each functional tier is equal to the sum of the relative abundance of the genes annotated to that functional tier (Karlsson et al., 2012; Li et al., 2014)] was counted, in which the KEGG (Kanehisa et al., 2006, 2017) database (version 2018-01-017) was divided into 6 tiers: level1, level2, level3, KO, ec, and module, and the CAZy (Cantarel et al., 2009) database (version 2018–018) was divided into 3 tiers: level1, level2, and level3. From the functional annotation results and the gene abundance tables, a table of the number of genes in each sample at each taxonomic level was obtained, and for a given function, the number of genes in a given sample was equal to the number of genes whose abundance was not 0 among the genes annotated for that function. Based on the abundance table of each taxonomy hierarchy, the counting of annotated gene numbers, the exhibition of the general relative abundance situation, and subsequent analysis.




Analysis of rumen and serum metabolome


Sample pretreatment of rumen contents


Methods for extraction of hydrophilic compounds

The sample was taken out from the −80°C refrigerator and thawed on ice and vortexed for 10 s. In total, 200 μL of sample and 200 μL of 20% acetonitrile methanol internal standard extractant were mixed. The mixture was vortexed for 3 min and centrifuged (12,000 rpm, 4°C) for 10 min. Then, 350 μL of the supernatant was transferred and dried. The dry residue was reconstituted with 150 μL of 70% methanol water, vortexed for 3 min, and sonicated for 10 min in ice water bath. Finally, the supernatant was centrifuged (12,000 rpm, 4°C) for 3 min and then analyzed.



Methods for extraction of hydrophobic compounds

The sample was taken out from the −80°C refrigerator, thawed on ice, and vortexed for 10 s. In total, 200 μL of the sample and 1 mL of the extraction solvent (MTBE: MeOH = 3:1, v/v) were mixed containing internal standard mixture. After whirling the mixture for 15 min, 100 μL of water was added, vortexed for 1 min, and then centrifuged at 12,000 rpm for 10 min. In total, 500 μL of the upper organic layer was collected and evaporated using a vacuum concentrator. The dry extract was reconstituted using 200 μL mobile phase B prior to LC–MS/MS analysis.




Sample pretreatment of serum


Methods for extraction of hydrophilic compounds

The sample was taken out from the −80°C refrigerator, thawed on ice, and vortexed for 10 s. In total, 50 μL of sample and 300 μL of 20% acetonitrile methanol internal standard extractant were mixed. The mixture was vortexed for 3 min and centrifuged (12,000 rpm, 4°C) for 10 min. Then, 200 μL of the supernatant was transferred and stored at −20°C for 30 min. Finally, the supernatant was centrifuged (12,000 rpm, 4°C) for 3 min and then analyzed.



Methods for extraction of hydrophobic compounds

The sample was taken out from the −80°C refrigerator, thawed on ice, and vortexed for 10 s. In total, 50 μL of the sample and 1 mL of the extraction solvent (MTBE: MeOH = 3:1, v/v) were mixed containing internal standard mixture. After whirling the mixture for 15 min, 200 μL of water was added, vortexed for 1 min, and then centrifuged at 12,000 rpm for 10 min. Overall, 200 μL of the upper organic layer was collected and evaporated using a vacuum concentrator. The dry extract was reconstituted using 200 μL mobile phase B prior to LC–MS/MS analysis.




UPLC conditions


UPLC conditions of hydrophilic compounds

T3 UPLC Conditions: The sample extracts were analyzed using an LC-ESI-MS/MS system (UPLC, ExionLC AD9; MS, QTRAP® System10). The analytical conditions were as follows, UPLC: column, Waters ACQUITY UPLC HSS T3 C18 (1.8 μm, 2.1 mm*100 mm); column temperature, 40°C; flow rate, 0.4 mL/min; injection volume, 2 μL; solvent system, water (0.1% formic acid): acetonitrile (0.1% formic acid); gradient program, 95:5 V/V at 0 min, 10:90 V/V at 11.0 min, 10:90 V/V at 12.0 min, 95:5 V/V at 12.1 min, 95:5 V/V at 14.0 min.

Hilic Amide UPLC Conditions: The sample extracts were analyzed using an LC-ESI-MS/MS system [UPLC, ExionLC AD (see Footnote 9); MS, QTRAP® System (see Footnote 10)]. The analytical conditions were as follows: UPLC: column, Waters ACQUITY UPLC BEH Amide (1.7 μm, 2.1 mm*100 mm); Column temperature, 40°C; Flow rate, 0.4 mL/min; Injection volume, 2 μL; Solvent system, water (20 mM Ammonium formate and 0.4% ammonia): acetonitrile; Gradient program, 10:90 V/V at 0 min, 40:60 V/V at 9.0 min, 60:40 V/V at 10.0 min, 60:40 V/V at 11.0 min, 10:90 V/V at 11.1 min, and 10:90 V/V at 15.0 min.



UPLC conditions of hydrophobic compounds

The sample extracts were analyzed using an LC-ESI-MS/MS system [UPLC, ExionLC AD (see Footnote 9); MS, QTRAP® System (see Footnote 10)]. The analytical conditions were as follows, UPLC: column, Thermo Accucore™ C30 (2.6 μm, 2.1 mm*100 mm i.d.); solvent system, A: acetonitrile/water (60/40 V/V, 0.1% formic acid, 10 mmol/L ammonium formate). B: acetonitrile/isopropanol (10/90 V/V, 0.1% formic acid, 10 mmol/L ammonium formate); gradient program, A/B (80:20 V/V) at 0 min, 70:30 V/V at 2.0 min, 40:60 V/V at 4 min, 15:85 V/V at 9 min, 10:90 V/V at 14 min, 5:95 V/V at 15.5 min, 5:95 V/V at 17.3 min, 80:20 V/V at 17.3 min, 80:20 V/V at 20 min; flow rate, 0.35 mL/min; temperature, 45°C; injection volume: 2 μL. The effluent was alternatively connected to an ESI-triple quadrupole-linear ion trap (QTRAP)-MS.




ESI-Q TRAP-MS/MS


ESI-Q TRAP-MS/MS of hydrophilic compounds

T3 and Hilic Amide have the same mass spectrometry parameters. LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP® LC–MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode and controlled by Analyst 1.6.3 software (Sciex). The ESI source operation parameters were as follows: source temperature 500°C; ion spray voltage (IS) 5,500 V (positive), −4,500 V (negative); ion source gas I (GSI), gas II (GSII), curtain gas (CUR) were set at 55, 60, and 25.0 psi, respectively. The collision gas (CAD) was high. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. A specific set of MRM transitions were monitored for each period, according to the metabolites eluted within this period.



ESI-Q TRAP-MS/MS of hydrophobic compounds

LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP® LC–MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode and controlled by Analyst 1.6.3 software (Sciex). The ESI source operation parameters were as follows: ion source, turbo spray; source temperature 500°C; ion spray voltage (IS) 5,500 V (positive), −4,500 V (neagtive); ion source gas 1 (GS1), gas 2 (GS2), curtain gas (CUR) were set at 45, 55, and 35 psi, respectively; The collision gas (CAD) was medium. Instrument tuning and mass calibration were performed with 10 and 100 μmol/L polypropylene glycol solutions in QQQ and LIT modes, respectively. QQQ scans were acquired as MRM experiments with collision gas (nitrogen) set to 5 psi. DP and CE for individual MRM transitions were performed with further DP and CE optimization. A specific set of MRM transitions were monitored for each period, according to the metabolites eluted within this period.



KEGG annotation and enrichment analysis

Identified metabolites were annotated using the KEGG compound database11; annotated metabolites were then mapped to the KEGG pathway database.12 Significantly enriched pathways are identified with a value of p of hypergeometric test for a given list of metabolites.





Construction of rumen microbial, rumen microbial functional, rumen metabolic, and serum metabolic relationship matrix

The relative abundances of rumen microbial composition (species-level microbial), rumen microbial function (KOs), rumen metabolome (rumen metabolites), and serum metabolome (serum metabolites) were subjected to z-score processing and were normalized to have a zero mean and a unit variance and then were used to construct the matrix M, K, R, and S, respectively (Difford et al., 2018; Xue et al., 2020). A linear mixed model was constructed for phenotype (milk yield and milk fat yield), and the linear mixed model utilized to estimate the variances of four omics was calculated as follows:
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where [image: image] is the phenotype (milk yield and milk fat yield) (kg/day); [image: image] is the model intercept; [image: image] is the parity fixed effect; [image: image] is the lactation days fixed effect; [image: image] is the rumen microbial random effect for the [image: image], where [image: image] is the rumen microbial variance and M is the microbial relationship matrix; and [image: image] is the residual effects. [image: image] is the rumen microbial function random effect for the [image: image]. [image: image] is the rumen metabolites random effect for the [image: image]. [image: image] is the serum metabolites random effect for the [image: image]. The phenotypic variance that explained by the rumen microbial variance, rumen microbial functional variance, rumen metabolic variance, and serum metabolic variance was estimated as [image: image], [image: image], [image: image], and [image: image], respectively, where [image: image] is the phenotypic (milk yield and milk fat yield) variance. The linear mixed model was performed using the “lme4” package in R.13



Statistical analysis

Milk production traits, rumen VFA concentrations, blood routine parameters, and serum biochemical parameters were compared using t-tests, and p-value < 0.05 was considered as significant.

In rumen metagenome, Krona analysis was used to visualize the species annotation results (Qin et al., 2012). A bar chart was used to show the relative abundance of species annotation results at domain, phylum, genus and species levels. The difference between groups is tested by Adonis analysis (R vegan package, version 2.15.3); we performed the permutation multivariate analysis of variance (PERMANOVA) on the microbial abundance profiles using microbial Bray–Curtis distance, and based on Bray–Curtis dissimilarity matrices at species level, the PCoA analysis was performed. Metastats and LEfSe analysis are used to look for the different species between groups (White et al., 2009). Permutation test between groups is used in Metastats analysis for each taxonomy and get the p value, then use Benjamini and Hochberg False Discovery Rate to correct p value, with the FDR adjusted p value < 0.05 being considered as significantly different. The species of the rumen microbiota were compared using LEfSe analysis (Segata et al., 2011), and LEfSe analysis is conducted by LEfSe software (the default LDA score is 2), and significant differences were examined by an LDA score of > 2 and p-value of < 0.05. The LEfSe analysis of functional difference between the two groups was performed, comparative analysis of metabolic pathways, modules, KEGG enzymes, and CAZymes, and significant differences were considered by an LDA score of > 2 and p-value < 0.05.

In rumen and serum metabolome, unsupervised PCA (principal component analysis) was performed by statistics function prcomp within R (see Footnote 13). The data were unit variance-scaled before unsupervised PCA. Significantly different metabolites between two groups were determined by VIP > 1 and FDR-adjusted p-value < 0.05. VIp values were extracted from OPLS-DA result, which also contain score plots and permutation plots, and generated using the R package MetaboAnalystR. The data were log-transformed ([image: image]) and mean-centered before OPLS-DA. To avoid overfitting, a permutation test (200 permutations) was performed. The metabolite datasets in the rumen and serum were compared between two groups and visualized using heat maps [“pheatmap” package in R (see Footnote 13)]. Significantly different metabolic pathways between two groups were determined by FDR-adjusted p-value < 0.05.



Correlation analysis

Correlation analysis between rumen metabolites, serum metabolites, and phenotypes (milk yield and milk fat yield) was performed using Spearman’s rank correlation to identify the significantly phenotype-associated metabolites and was subsequently used for rumen microbiota and functional modules.

All correlation analyses were performed using Spearman’s rank correlation, R > 0.5 or < − 0.5 was considered as strong correlation, and p-value < 0.05 was considered as significant. The correlation heat map was generated using the R program “ComplexHeatmap” package (see Footnote 13).
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Introduction: Niacin is one of the essential vitamins for mammals. It plays important roles in maintaining rumen microecological homeostasis. Our previous study indicated that dietary niacin significantly elevated intramuscular fat content (IMF) in castrated finishing steers. Whether niacin affects fat deposition by regulating the microbial composition and functional capacities of gastrointestinal microbiome has been unknown yet.

Methods: In this study, 16 castrated Xiangzhong Black cattle were randomly assigned into either control group fed with a basal concentrate diet (n = 8) or niacin group fed with a basal concentrate diet added 1000 mg/kg niacin (n = 8). Seven rumen samples and five cecum content samples were randomly collected from each of control and niacin groups for metagenomic sequencing analysis.

Results: A total of 2,981,786 non-redundant microbial genes were obtained from all tested samples. Based on this, the phylogenetic compositions of the rumen and cecum microbiome were characterized. We found that bacteria dominated the rumen and cecum microbiome. Prevotella ruminicola and Ruminococcus flavefaciens were the most abundant bacterial species in the rumen microbiome, while Clostridiales bacterium and Eubacterium rectale were predominant bacterial species in the cecum microbiome. Rumen microbiome had significantly higher abundances of GHs, GTs, and PLs, while cecum microbiome was enriched by CBMs and AAs. We found a significant effect of dietary niacin on rumen microbiome, but not on cecum microbiome. Dietary niacin up-regulated the abundances of bacterial species producing lactic acid and butyrate, fermenting lactic acid, and participating in lipid hydrolysis, and degradation and assimilation of nitrogen-containing compounds, but down-regulated the abundances of several pathogens and bacterial species involved in the metabolism of proteins and peptides, and methane emissions. From the correlation analysis, we suggested that niacin improved nutrient digestion and absorption, but reduced energy loss, and Valine, leucine and isoleucine degradation of rumen microbiome, which resulted in the increased host IMF.

Conclusion: The results suggested that dietary manipulation, such as the supplementation of niacin, should be regarded as the effective and convenient way to improve IMF of castrated finishing steers by regulating rumen microbiome.
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Highlights

• The phylogenetic compositions and potential functional capacities were profiled and compared between rumen and cecum microbiomes in castrated finishing steers.

• Dietary niacin up-regulated the abundances of rumen bacterial species producing lactic acid and butyrate, fermenting lactic acid, and participating in lipid hydrolysis, but down-regulated the abundances of several pathogens and bacterial species involved in the metabolism of proteins and peptides, and methane emissions.

• Dietary niacin increased host intramuscular fat content by regulating rumen microbiome.

• The supplementation of niacin should be regarded as the effective and convenient way to improve cattle IMF by regulating rumen microbiome.



1 Introduction

Niacin (Vitamin B3) is one of the essential vitamins for mammals. It is widely used as a feed additive in livestock production because of its crucial roles in numerous catabolic and anabolic redox processes, such as lipid metabolism, tissue oxidation, glycolysis, and respiratory functions (Chilliard, 1993) by serving as the precursor of NAD+/NADH and NADP+/NADPH (Flachowsky, 1993). In addition to being a coenzyme precursor, niacin has been known for its antilipolytic effect by activating the hydroxycarboxylic acid 2 receptor (HCA2), which effectively reduces the levels of all atherogenic lipoproteins including VLDL and LDL subclasses as well as Lp (a), and increases the levels of the protective lipoprotein of HDL (Carlson, 2005; Pescara et al., 2010). Recent studies have demonstrated that the pharmacological dose of niacin did provide beneficial effects on animal health, particularly in high-yielding dairy cows under stress conditions (Kristensen and Harmon, 2004; Pescara et al., 2010; Titgemeyer et al., 2011; Luo et al., 2017, 2019; Zou et al., 2022), likely attributing to niacin’s positive influence on lipid metabolism or vasodilation (Carlson, 2005; Pescara et al., 2010). Additionally, niacin plays important roles in converting ruminant volatile fatty acids (VFAs), such as acetate, into long-chain fatty acids (Chilliard, 1993). This may promote the fatty acid synthesis and result in increased intramuscular fat (IMF) deposition that further impacts muscle tenderness, juiciness, and meat color (Yang et al., 2016).

The complex microbial community effectively ensures rumen fermentation in ruminants, which primarily converts feedstuffs into essential nutrients, such as VFAs, ammoniate, vitamins, and microbial proteins (Doreau and Ottou, 1996; Kristensen and Harmon, 2004; Zou et al., 2022). Niacin has been proven to promote rumen microbial growth, maintain rumen microecological homeostasis, and avoid lactate accumulation in the rumen wall (Doreau and Ottou, 1996; Kristensen and Harmon, 2004; Luo et al., 2017). Supplementation of 800 mg/kg niacin in a high-concentrate diet could stabilize ruminal pH and alleviate subacute rumen acidosis (SARA) by reducing the abundance of Streptococcus bovis or by improving NAD+ concentration to inhibit the activity of lactate dehydrogenase (Kristensen and Harmon, 2004; Luo et al., 2017). Dietary niacin also inhibited starch utilization and stimulated fiber degradation primarily by reducing the relative abundance of Proteobacteria, Succiniclasticum, Acetivibrio, and Treponema, or increasing the abundance of Prevotella (Kristensen and Harmon, 2004). A recent study has demonstrated that niacin supplementation might alleviate heat stress by promoting the proliferation of bacteria belonging to phylum Succiniclasticum, which in turn contributed to the cellulose digestion and metabolic function improvement of beef cattle under heat-stress conditions (Zou et al., 2022). Dietary niacin should also enhance the number and density of rumen protozoa (Doreau and Ottou, 1996). Niacin was useful for avoiding ketogenic problem on rumen fermentation in dairy cows (Yuan et al., 2012). It should also optimize rumen fermentation for improving nutrient digestibility and increasing cattle productivity through influencing the rumen microbiota, metabolic processes, and the ability to enhance feed intake in bulls (Flachowsky, 1993; Luo et al., 2017, 2019). However, few studies have focused on the effects of niacin on the composition and functional capacities of rumen and cecum microbiota by metagenomic sequencing analysis, and the relationship of the niacin-induced changes in rumen and cecum microbiome with host fat deposition in beef cattle has been largely unknown.

Our previous study found that dietary niacin significantly elevated IMF content, marbling score, and the activities of NADH-related enzymes (G6PDH and ICDH) in muscle. Furthermore, it also increased serum HDL-C concentration and decreased the levels of serum LDL-C, triglyceride, non-esterified fatty acid, total cholesterol, and glycated serum protein (Yang et al., 2016). Based on this, we hypothesized that niacin should modulate lipid and glucose metabolisms by regulating the microbial composition and functional capacities of gastrointestinal microbiome in beef cattle. Therefore, in this study, we investigated the effect of dietary niacin on the composition and functional capacities of rumen and cecum microbiome in experimental cattle, identified microbial taxa affected by dietary NA, and evaluated the correlations of niacin-induced changes in rumen and cecum microbiome with host muscle IMF.



2 Materials and methods


2.1 Animal management and sample collection

The detailed information about experimental cattle, and their feeding and managements were described in our previous study (Yang et al., 2016). In brief, a total of 16 Xiangzhong Black cattle with similar body weight (575.50 ± 31.50 kg) at the same age of 24 months were used in this study. All 16 Xiangzhong Black cattle were castrated steers and were randomly assigned into either the control group fed with a basal concentrate diet (n = 8) or the niacin group fed with a basal concentrate diet added 1,000 mg/kg niacin (n = 8). The components and their proportions of the basal concentrate diet are shown in Supplementary Table S1. The experimental cattle were individually housed in pens and provided ad libitum with a diet consisting of 90% concentrate and 10% forage straw. After a 120-day formal experiment, all cattle were humanely slaughtered following the Chinese standard procedures at a commercial abattoir (Hunan, China). Luminal content was collected from multiple regions of each experimental cattle’s rumen within 30 min after slaughter. After mixed well, rumen sample was put into a 7-ml sterile centrifuge tube. Cecum luminal content was also harvested from the middle part of each experimental cattle’s cecum within 30 min after slaughter. The samples were immediately immersed in liquid nitrogen and subsequently transferred to a −80°C refrigerator. All experimental cattle were healthy and did not receive any probiotic or antibiotic treatment throughout the whole feeding experiment (from 1 month before the feeding experiment to sampling). All processes related to experimental animals were conducted in accordance with the guidelines established by the Ministry of Agriculture and rural affair of China. The Animal Care and Use Committee (ACUC) of Jiangxi Agricultural University approved this study (No. JXAU2011-006).



2.2 Measurements of cattle fat deposition traits

The measurements of cattle fat deposition traits including backfat thickness, IMF content, and marbling score for all 16 experimental Xiangzhong Black cattle were described in our previous study (Yang et al., 2016). In brief, the backfat thickness was measured from the left side of the carcass using a vernier caliper. The mean value obtained from triplicate measurements was treated as the phenotypic value of each animal. Longissimus dorsi (LD) muscle samples were dissected from the 12–13th ribs of the right carcass to assess the marbling score and measure IMF content. Marbling score was determined at 24 h postmortem following the Japan marbling grading standards (8–12: abundance, 5–7: moderate, 3–4: mean, 2: a little, and 1: trace) by an experienced panelist. IMF content of LD muscle was measured by diethyl ether extraction using a Soxhlet apparatus. Furthermore, eye muscle area (EMA), which reflects meat production in cattle, was also phenotyped using graph paper method.



2.3 Microbial DNA extraction of rumen and cecum content samples, library construction, and metagenomic sequencing

Microbial DNA was extracted from rumen and cecum content samples using the QIAamp Fast DNA Stool Mini Kit (Qiagen, Germany) following the manufacturer’s protocols. The concentration and the quality of DNA samples were evaluated using a NanoDrop-1000 (Thermofisher Scientific, United States) and 0.8% agarose gel electrophoresis. DNA libraries for metagenomic sequencing were constructed following the manufacturer’s instructions (Illumina, United States). The clustering of the index-coded samples was performed on a cBot Cluster Generation System according to the manufacturer’s instructions. After cluster generation, the libraries were sequenced on a Novaseq 6000 platform (Illumina, United States) adopting a 150-bp paired-end sequencing strategy with insertion size of 350 bp.



2.4 Bioinformatic analysis of metagenomic sequencing data

Adaptor sequences and low-quality sequence reads were removed from the raw sequence data with fastp (v0.19.4) (Chen et al., 2018). And then, the remaining reads were further mapped to the bovine reference genome (ARS-UCD1.2) to remove the contamination of host DNA sequences by BWA MEM (v0.7.17-r1188) (Li and Durbin, 2009). Clean sequence reads of each sample were assembled into contigs individually by MEGAHIT (v1.1.3) (Li et al., 2016). Prodigal (v2.6.3) was used to predict genes of assembled contigs (Hyatt et al., 2010). Complete genes containing both start codon and stop codon were retained for further analyses. A non-redundant gene catalog was constructed by clustering all predicted genes at the 90% identity level of protein sequences following the UniRef guidelines (Suzek et al., 2015) by CD-HIT (v4.8.1) (Li and Godzik, 2006). The protein sequences of all non-redundant genes were then aligned to the Uniprot TrEMBL database by DIAMOND (v2.0.8) (Buchfink et al., 2015) at the threshold of e-values ≤1e−5. The taxonomic classification of non-redundant genes was determined based on the lowest common ancestor algorithms by BASTA (v1.3) (Kahlke et al., 2018) at the thresholds of identity >80%, an alignment length >25, and shared by at least 60% of hits.

Functional pathway classification of predicted non-redundant genes was performed by aligning genes to the KEGG (Kyoto Encyclopedia of Genes and Genomes) with the DIAMOND (v2.0.8). The KOBAS (v3.0) was used to retrieve KO annotation results (Xie et al., 2011). Carbohydrate-active enzymes (CAZymes) were annotated by aligning genes to dbCAN database (HMMdb V8) (Huang et al., 2018) with hmmscan program in HMMER (v3.1b2) (Pattabiraman and Warnow, 2021). For all functional annotations, the annotated hit(s) with the highest-score was used for the subsequent analyses (Li et al., 2014, 2018; Backhed et al., 2015).

To estimate the abundance of microbial genes, FeatureCounts (v1.6.2) (Liao et al., 2014) was used to compute the number of successfully assigned clean reads to the gene catalog in each sample. The gene abundances were normalized to fragments per kilobase of gene sequence per million reads mapped (FPKM) (Munk et al., 2018). The abundances of microbial taxa, KEGG pathways, and CAZymes were calculated by adding the abundances of all the members belonging to each category.



2.5 Statistical analysis

The α-diversity of rumen and cecum microbial compositions including Observed species, Shannon index, Simpson and Chao 1 index, and the principal coordinate analysis (β-diversity) based on the Bray-Curtis distance were calculated by vegan in R package (v4.1.2). Wilcoxon rank-sum test was used to compare the α- and β-diversity of rumen and cecum microbiome between niacin and control groups. Results were visualized by ggplot2 package. The linear discriminate analysis effect size (LefSe) algorithm (Segata et al., 2011) was used to identify microbial taxa, KEGG pathways, and CAZymes showing significantly different abundances between niacin and control groups at the significance threshold of p < 0.05 and |LDA| score > 2.0. The results were visualized with the boxplots or heatmaps plotted by ggpubr and pheatmap in R package (v4.1.2).

The correlations between niacin-regulated rumen bacterial species and fat deposition traits, between niacin-regulated KEGG pathways and fat deposition traits, and between niacin-regulated rumen bacterial species and KEGG pathways were evaluated by Spearman correlation analysis. Benjamin Hochberg was used to correct the false discover rate (FDR). FDR < 0.2 and p < 0.05 was set as the significance level and p < 0.1 was considered as the tendency to significant correlation. The results were visualized with the ggplot2 and ComplexHeatmap packages in R software (V.4.1.2).




3 Results


3.1 Metagenomic sequencing data of rumen and cecum content samples from experimental beef cattle

Seven rumen and five cecum content samples were randomly collected from eight castrated bulls in each of niacin-treated group and control group. Finally, a total of 14 rumen and 10 cecum content samples were used in this study. High throughput metagenomic sequencing of microbial DNA samples generated 13.68 Gigabase pairs (Gb) of raw sequence data per sample (ranging from 10.21 to 18.31 Gb). After filtering the adaptors and low-quality sequences, a total of 327.20 Gb of high-quality clean sequence data were obtained from these 24 samples with an average sequencing depth of 13.63 Gb/sample, ranging from 10.18 to 18.24 Gb (Supplementary Table S2).

De novo assembly generated 5,448,212 contigs with the length >1,000 bp. These contigs had the mean length of 2226.36 bp and the maximum length of 495,287 bp. More than 94.49% of contigs showed the length of 1.0 ~ 5.0 kb (Supplementary Table S3). The N50 and N90 values were 2,331 bp and 1,135 bp, respectively. Gene prediction identified 14,591,586 microbial genes from all 24 samples. These genes were clustered at the 90% identity of amino acid sequences following the model of UniRef (Suzek et al., 2015). A microbial gene catalog containing 2,981,786 non-redundant microbial genes were obtained with the average gene length of 831.14 bp and the maximum length of 37,287 bp (Table 1). Among 2,981,786 non-redundant genes, 2,055,110 genes were commonly identified in both rumen and cecum content samples, 567,240 genes were unique to the microbiome of rumen samples, and 359,436 genes were specifically identified in cecum content samples (Supplementary Figure S1A). Most of these 2,981,786 non-redundant genes showed low abundances in tested samples. There were only 840,693 genes with abundance > average abundance and 2,032,104 genes having abundance < average abundance (Supplementary Figure S1B).



TABLE 1 The summary results of contig assembly and non-redundant gene catalog.
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3.2 Characterization of the phylogenetic compositions of the rumen and cecum microbiome in experimental beef cattle

To determine the phylogenetic compositions of the rumen and cecum microbiome, taxonomic annotation was performed by blasting 2,981,786 non-redundant microbial genes to the Uniprot TrEMBL (known proteins). At the phylum level, a total of 36 phyla were detected in rumen samples, including 24 bacterial phyla, one archaeal phylum, nine Eukaryota phyla, and two viral phyla. The bacterial phyla occupied more than 96.0% of relative abundance. Bacteroidetes (45.93% ± 5.609%, mean ± SD), Firmicutes (42.441% ± 6.192%), Fibrobacteres (5.966% ± 4.254%), and Proteobacteria (1.429% ± 0.277%) were the predominant bacterial phyla in the cattle rumen microbiome. Euryarchaeota was the only archaeal phylum detected in this study with a relative abundance of 0.160% ± 0.100%. The relative abundances of two Protozoa phyla of Ciliophora (0.145% ± 0.073%) and Apicomplexa (0.06% ± 0.032%) were also listed in the top 10 in tested rumen samples (Supplementary Table S4; Supplementary Figure S2A). Similarly, we identified 35 phyla in cecum content samples. Except Candidatus Gracilibacteria, all phyla identified in rumen samples were also observed in cecum content samples, including one archaeal phylum, nine Eukaryota phyla, and two viral phyla. Compared to rumen samples, cecum samples had a higher relative abundance of bacteria (99.6% vs. 96.0%). Firmicutes (73.246% ± 4.841%, mean ± SD), Bacteroidetes (22.663% ± 4.822%), Proteobacteria (2.709% ± 1.337%), and Spirochaetes (0.753% ± 0.759%) were the predominant bacterial phyla in the cecum microbiome. Except Euryarchaeota (Archaea, 0.195% ± 0.086%), no other non-bacterial phyla were listed in the top 10 in relative abundances in the cecum microbiome (Supplementary Table S4; Supplementary Figure S2B).

At the species level, a total of 316 microbial species were identified in rumen samples, including 302 bacterial species, four archaeal species, and 10 eukaryota species. Among them, 214 species were present in all 14 rumen samples (Supplementary Table S5). The relative abundances of Prevotella ruminicola (25.56% ± 6.902%), Clostridiales bacterium (18.643% ± 4.318), and Ruminococcus flavefaciens (13.408% ± 6.567%) were listed in the top three (Figure 1A). In cecum content samples, we identified 304 microbial species including 294 bacterial species, four archaeal species, and six eukaryota species (Supplementary Table S6). All the species whose abundances were ranked in the top 10 belonged to Bacteria. Clostridiales bacterium (75.686% ± 4.799%) had the highest abundance, followed by Eubacterium rectale (2.190% ± 1.453%) and Phascolarctobacterium succinatutens (1.583% ± 0.274%) (Figure 1B). It was worthy to note that all four archaeal species including Methanobrevibacter smithii, Methanobrevibacter millerae, Methanobrevibacter olleyae, and Methanobrevibacter oralis identified in both rumen and cecum content samples belonged to methanogens. There were 25 species specifically identified in rumen samples, including three eukaryota species, five Fibrobacter spp., three Prevotella spp. and two Butyrivibrio spp. that can produce VFAs. We also identified 13 species that specifically existed in cecum content samples. All 13 species belonged to bacteria (Supplementary Table S6).
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FIGURE 1
 Microbial compositions of rumen and cecum microbiome in tested samples. (A) Histogram showing microbial composition of rumen samples at the species level. (B) Histogram showing microbial composition of cecum content samples at the species level.




3.3 Comparison of functional capacity profiles between rumen and cecum microbiome

Functional capacity profiles of rumen and cecum microbiome were determined by blasting 2,981,786 non-redundant microbial genes to the databases of KEGG and CAZyme. A total of 562,385 (18.86%) of non-redundant genes could be annotated to 3,779 KEGG orthologous groups (KOs) and 413 KEGG pathways (Table 1). The predominant KEGG pathways and their abundances were similar between the rumen and cecum microbiome. The top 10 KEGG pathways in relative abundance in both gastrointestinal tract locations included Biosynthesis of antibiotics, Ribosome, Biosynthesis of amino acids, Carbon metabolism, ABC transporters, Aminoacyl-tRNA biosynthesis, Pyrimidine metabolism, Purine metabolism, and Glycolysis/Gluconeogenesis (Figure 2A; Supplementary Table S7).
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FIGURE 2
 The profiles of functional capacities of rumen and cecum microbiome. (A) The top 10 KEGG pathways in abundances in rumen and cecum microbiome. (B) The abundances of CAZymes in rumen and cecum microbiome. The x-axis shows the log10 transformed abundance (FPKM) of function items, and the y-axis indicates the items of functional capacities.


There were 581,777 (19.51%) genes that could be annotated to CAZyme categories (Table 1). The categories Carbohydrate Binding Modules (CBMs), Auxiliary Activities (AAs), Carbohydrate Esterases (CEs), Glycosyl Transferases (GTs), Glycoside Hydrolases (GHs), and Polysaccharide Lyases (PLs) were identified in both rumen and cecum microbiome, but their abundances were significantly different in two gastrointestinal sites. Rumen microbiome had significantly higher abundances of GHs (11.2 folds), GTs (2.5 folds), and PLs (2.3 folds) than cecum microbiome. However, cecum microbiome was enriched by CBMs (2.5 folds compared to rumen microbiome) and AAs (3.3 folds) (Figure 2B; Supplementary Table S8).



3.4 Identification of microbial taxa and potential functional capacities responding to the niacin treatment

The 16 experimental cattle were randomly divided into two groups that were treated with 1,000 mg/kg niacin (n = 8, Niacin group) and 0 mg/kg niacin (n = 8, control group), respectively. Among 14 rumen samples used in this study, seven samples were randomly collected from niacin group and the other seven samples randomly from control group. Five cecum content samples were randomly collected from each of niacin and control groups. This provided us an opportunity to investigate the effect of dietary niacin on microbial taxa and potential functional capacities of rumen and cecum microbiome in experimental cattle. In overall, dietary niacin significantly changed the α- and β-diversity of rumen microbiome. At the phylum level, the α-diversity indices including observed species, Shannon, and Chao 1 were significantly decreased by dietary niacin (p < 0.05). However, the Simpson index were significantly increased (p < 0.05) (Supplementary Figure S3A). At the species level, only observed species and Chao 1 indices were significantly decreased (p < 0.05), and the difference in Shannon and Simpson indices did not achieve the significance level (Figure 3A). Furthermore, dietary niacin enlarged the diversity of microbial compositions between two groups and among individuals within the niacin group from the β-diversity analysis (Figure 3B, Supplementary Figure S3B).
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FIGURE 3
 The effect of dietary niacin on rumen microbial composition at the species level. (A) The effect of dietary niacin on the α-diversity of rumen microbiome at the species level. The indices of observed species, Shannon, Simpson, and Chao 1 were compared between control and niacin groups using ANOVA analysis. p < 0.05 was treated as the significance threshold. (B) The effect of dietary niacin on the β-diversity of rumen microbiome. The β-diversity was evaluated based on the bray-curtis distance. (C) Differential microbial phyla identified by LefSe analysis between Niacin and control groups. (D) Microbial species showing different abundances between Niacin and control groups identified by LefSe analysis. The histogram only shows the differential microbial species with LDA ≥ 3 and p < 0.05. All differential microbial species identified are provided in Supplementary Table S9.


We then identified microbial taxa in the rumen microbiome responding to the niacin treatment by LefSe analysis at the significance level of |LDA| ≥ 2.0 and p < 0.05. Seven phyla were identified to show significantly different abundances between niacin and control groups. Fibrobacteres and Euryarchaeota were significantly enriched in the control group, while Firmicutes, Proteobacteria, Chloroflexi, Thermotogae, and Synergistetes had a higher abundance in the niacin group (Figure 3C). At the genus level, we identified 22 microbial genera showing different abundances between niacin and control groups, including Fibrobacter, Schaedlerella, and Methanocorpusculum enriched in the control group. A total of 19 genera including Selenomonas, Clostridium, Butyrivibrio, Roseburia, Succinivibrio, and Ligilactobacillus had a higher abundance in the niacin group (Supplementary Figure S3C). At the species level, we found 18 and 11 species that were enriched in the control and niacin group, respectively (Figure 3D; Supplementary Table S9). Particularly, Selenomonas ruminantium, Butyrivibrio fibrisolvens, Ligilactobacillus ruminis, and Succinivibrio dextrinosolvens were enriched in the niacin group. However, two Prevotella spp. (Prevotella ruminicola showed the most significance), two Fibrobacter spp. and two Ruminococcus spp. were enriched in the control group (Supplementary Table S9).

We further identified the functional capacities of rumen microbiome affected by dietary niacin. For six CAZyme categories identified in this study, only CBM and PL were significantly affected by dietary niacin. Their abundances were significantly decreased by dietary niacin (p < 0.05, Figure 4A). For KEGG pathways, a total of five KEGG pathways showed different abundances between niacin and control groups. Alanine, aspartate and glutamate metabolism, Biotin metabolism, Valine, leucine and isoleucine degradation, and Lysine degradation were enriched in the control group, while the pathway Central carbon metabolism in cancer was enriched in the niacin group (LDA ≥ 2.0 and p < 0.05) (Figure 4B). Interestingly, the pathway of Carbohydrate digestion and absorption had a higher abundance in the niacin group although this enrichment did not achieve significance level (LDA = 1.770, p = 0.035).
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FIGURE 4
 The effect of dietary niacin on functional capacities of rumen microbiome. (A) Comparison of the abundances of CAZymes between control and Niacin groups. The abundances of Carbohydrate Binding Modules (CBMs) and Polysaccharide Lyases (PLs) were decreased by dietary niacin. (B) The KEGG pathways affected by dietary niacin. Differential KEGG pathways between niacin and control groups were identified by LefSe analysis at the significance threshold of LDA ≥ 2 and p < 0.05.


We did not observe the significant effect of dietary niacin on the microbial composition of cecum microbiome from either the α- or β-diversity analysis (Supplementary Figure S4). At the phylum level, only Thermotogae and Apicomplexa showed different abundances between niacin and control groups. Both phyla had extremely low abundance in tested samples, and Apicomplexa was only detected in the niacin group (Supplementary Figures S5A,B). At the genus and species level, only three genera showed the tendency of differential abundances between the two groups, including Methanocorpusculum enriched in the control group, and cellulosllticum and Vibrio having higher abundance in the niacin group. However, it did not achieve significance level (Supplementary Figure S5C). Two species were enriched in the control group above the significance level (LDA > 2 and p < 0.05), but we did not identify any species enriched in the niacin group (Supplementary Figure S5D). The similar conditions were also observed in the functional capacity profiles of cecum microbiome. Dietary niacin showed no effect on the CAZymes (Supplementary Figure S6A). However, the KEGG pathway of Folate biosynthesis were enriched in the control group, whereas the pathways Sulfur relay system and Thiamine metabolism showed the enrichment in the niacin group (LDA ≥ 2.0 and p < 0.05) (Supplementary Figure S6B).



3.5 Association of the niacin-regulated microbial species and functional capacities of rumen microbiome with fat deposition traits in experimental cattle

In our previous study, we found that dietary niacin significantly favored intramuscular fat deposition and lipid metabolism in castrated finishing steers used in this study (Yang et al., 2016). To confirm the hypothesis that dietary niacin influenced fat deposition in finishing steers by regulating the microbial composition and functional capacities of rumen microbiome, we performed a correlation analysis between rumen microbial species affected by dietary niacin and host fat deposition traits including IMF, backfat, marbling, and EMA, for which the phenotypical values were reported in our previous study (Yang et al., 2016). The correlation analysis was not performed in the cecum microbiome because niacin showed no significant effect on the cecum microbiome (described above). Because of the relatively small sample size, FDR < 0.2 and p < 0.05 was set as the significance level and p < 0.1 was considered as the tendency to significant correlation. A total of 15 significant associations were identified between niacin-regulated rumen microbial species and IMF (FDR < 0.2, p < 0.05). Among them, nine microbial species were positively associated with IMF, including Ligilactobacillus ruminis, Anaerovibrio lipolyticus, Succinivibrio dextrinosolvens, Lachnobacterium bovis, Lachnospiraceae bacterium C7, Roseburia intestinalis, Butyrivibrio fibrisolvens, Succinivibrio sp., and Mitsuokella multacida (r = 0.55 ~ 0.73, p = 0.043 ~ 0.0028, and FDR < 0.2) (Figure 5A). The relative abundances of all these nine species were increased by dietary niacin (Supplementary Table S9). The other six microbial species were negatively associated with IMF, including Xenorhabdus bovienii, bacterium F083, bacterium P201, Fibrobacter intestinialis, uncultured bacterium, and Fibrobacter sp. UWCM (r = −0.54 ~ −0.83, p = 0.048 ~ 0.00025, and FDR < 0.2) (Figure 5A). The relative abundances of these six species were decreased by dietary niacin (Supplementary Table S9). As for marbling score, only Butyrivibrio fibrisolvens and Anaerovibrio lipolyticus showed the tendency associated with marbling score (p < 0.1). We did not identify any microbial species associated with backfat thickness and EMA (Figure 5A).
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FIGURE 5
 The correlations of the niacin-regulated species and functional pathways of rumen microbiome with fat deposition traits. (A) Correlations between niacin-regulated microbial species and fat deposition traits. Fat deposition traits including backfat thickness, eye muscle area, marbling score, and intramuscular fat content (IMF) were well phenotyped and used in the analysis. (B) Correlations between niacin-regulated functional capacities and fat deposition traits. (C) Correlations between niacin-regulated microbial species and functional capacities of rumen microbiome. Spearman correlation analysis was performed and the coefficients were calculated. Red represents positive correlations and blue indicates negative correlations. The stars in the grid represent the significance threshold: +, p < 0.1; *, FDR < 0.2 and p < 0.05; and **, FDR < 0.05 and p < 0.01.


We then evaluated the associations of niacin-regulated functional capacities of rumen microbiome with IMF, backfat, marbling, and EMA. The pathways of Biotin metabolism, and Valine, leucine and isoleucine degradation were negatively correlated with muscle IMF content (r = −0.63 and − 0.65, p = 0.017 and 0.012, and FDR < 0.2), while the pathway of Central carbon metabolism in cancer showed the tendency of positive correlation with IMF content (r = 0.47, p = 0.091). However, we did not identify any associations between niacin-regulated functional capacities of rumen microbiome and fat deposition traits (Figure 5B).

To test whether the niacin regulated-rumen microbial taxa changed the functional capacities of rumen microbiome, and finally resulted in the different phenotypic values of fat deposition traits, we further analyzed the correlations between the niacin-regulated rumen microbial species and functional capacities. As shown in Figure 5C, the microbial species up-regulated by niacin and positively associated with IMF content were negatively correlated with the pathways of Biotin metabolism, and Valine, leucine and isoleucine degradation, but positively associated with the pathway of Central carbon metabolism in cancer (p < 0.05 and FDR < 0.2), and vice versa. These results suggested that dietary niacin increased muscle IMF content of beef cattle through up-regulating the abundance of rumen microbial species, such as Mitsuokella multacida, Ligilactobacillus ruminis, Anaerovibrio lipolyticus, and Roseburia intestinalis that enhanced the functional capacity of Central carbon metabolism, but lowered Biotin metabolism, and Valine, leucine and isoleucine degradation in the rumen microbiome.




4 Discussion

In this study, we systematically described the profiles of microbial composition and potential functional capacities of rumen and cecum microbiome in castrated finishing steers by using deep metagenomic sequencing. More importantly, we identified the microbial taxa and functional pathways that were perturbed by dietary niacin, and observed the correlations of the niacin-regulated microbial species and function capacities of rumen microbiome with host IMF content. The results provided an example about the improvement of cattle production performance by regulating the rumen microbiome with feed additives.

A comprehensive understanding and manipulation of the rumen microbiome is essential for improving the efficiency of ruminant production (Huws et al., 2018). In recent years, great advances in the understanding of rumen microbial compositions and functional capacities have been achieved by metagenomic sequencing or extensive genome sequencing of cultured rumen bacteria and archaea (Seshadri et al., 2018; Stewart et al., 2019). The rumen microbiota consists of bacteria, archaea, viruses, fungi and protozoa that ferment complex carbohydrates, such as lignocellulose and cellulose, to produce VFAs. In this study, we found that bacteria occupied more than 96.0% of relative abundance in rumen microbial composition of castrated finishing steers. Prevotella ruminicola, Ruminococcus flavefaciens, Butyrivibrio fibrisolvens, and Selenomonas ruminantium were the predominant bacterial species. This was consistent with the results from the previous reports (Henderson et al., 2015; Stewart et al., 2019; Xie et al., 2021), in which Prevotella, Butyrivibrio, and Ruminococcus were the most dominant bacteria in the rumen. Compared with that of the rumen microbiome, significantly fewer studies have been found to investigate the composition of cecum microbiome in ruminants. In this study, 10 experimental cattle were collected both rumen and cecum content samples. This facilitated to the comparison of microbial compositions and functional capacities between rumen and cecum microbiome. Xie et al. (2021) reported that Prevotella spp. and Fibrobacter spp. were the predominant bacteria in the stomach region, while Bacteroides spp., Clostridium spp., and Alistipes spp. were enriched in the large intestine (Xie et al., 2021). Here, we specifically identified five Fibrobacter spp., three Prevotella spp. and two Butyrivibrio spp. in rumen samples. However, Clostridiales bacterium had the highest abundances (occupied an average of 75.68% in relative abundance) in the cecum. Methane, a byproduct of ruminant fermentation that causes global climate change, is released by methanogenic archaea. Methane production has been directly related to the abundance of methanogenic archaea in the rumen (Wallace et al., 2015). In this study, we identified four Methanobrevibacter spp. in both rumen and cecum content samples although their relative abundances were different between two locations (0.08% vs. 0.03%). These relative abundances were lower than that reported in previous study (0.71% in the stomach and 1.1% in large intestine) (Xie et al., 2021). This discrepancy can be attributed to the variations in sample sources and treatments, because seven ruminant species were included in that previous study (Xie et al., 2021), while our study only focused on the experimental cattle provided with a concentrated diet supplemented niacin. In the aspect of functional capacities between rumen and cecum microbiome, GHs, GTs, and PLs were significantly enriched in the rumen microbiome. This was consistent with the fact that the rumen is the main location degrading complex carbohydrates (plant polysaccharides) to produce VFAs (Hess et al., 2011). On the other hand, CBMs and AAs, which play an auxiliary part in plant cell-wall hydrolysis (Levasseur et al., 2013) were enriched in the cecum microbiome.

Apart from niacin in diets, niacin synthesized by microbiota in the rumen is an important source for dairy cows. But the amount synthesized seems to differ greatly (Niehoff et al., 2009), and might be influenced by the forage-to-concentrate ratio (Seck et al., 2017). Many studies revealed a positive impact of a niacin supplementation on rumen protozoa, microbial protein synthesis, and VFAs production in the rumen (Erickson et al., 1991; Niehoff et al., 2009). In this study, we observed that dietary niacin significantly altered the microbial composition of rumen microbiome although this effect was not significant in two niacin-treated cattle. This discrepancy should be caused by different genetics (half-brothers used in this study) and other unforeseen physiological factors. We did not observe any significant changes in the cecum microbiome from either the α- or β-diversity analysis. This distinct result should be owning to the insufficient amount of niacin reaching the cecum because of the degradation or absorption of niacin in the small intestine (Niehoff et al., 2009). Apparent absorption of niacin in the duodenum was not influenced by the type of feed and accounted for 67% (Niehoff et al., 2009), 79% and 84% (Santschi et al., 2005).

Niacin significantly increased the relative abundances of several bacterial species involved in carbohydrate metabolism. Selenomonas ruminantium which showed the most significant difference in relative abundance between the niacin and control groups, is a nonfibrolytic bacterium that may interact with fibrolytic bacteria (Koike et al., 2003). It improves fiber digestion when co-cultured with Ruminococcus flavefaciens by the conversion of succinate into propionate (Chen and Weimer, 2001). The abundance of Ligilactobacillus ruminis and Lachnobacterium bovis which produce lactic acid (Whitford et al., 2001) were also increased by niacin. Interestingly, Selenomonas ruminantium can also ferment soluble sugars (e.g., glycerol) and lactic acid, and produce ammonia from protein hydrolysates (Takatsuka et al., 1999). This was consistent with the previous reports that niacin can avoid lactate accumulation in rumen wall (Kristensen and Harmon, 2004; Luo et al., 2017). Niacin also led to an increase in Butyrivibrio fibrisolvens and Roseburia intestinalis, which play an important role in the ruminal fermentation of polysaccharides to produce butyrate (Tamanai-Shacoori et al., 2017; Rodriguez Hernaez et al., 2018). These results were consistent with the observation that the KEGG pathways of Carbohydrate digestion and absorption, and Central carbon metabolism in cancer were enriched in niacin group, suggesting the improvement of Carbohydrate metabolism and absorption by niacin. Niacin also increased the abundances of bacterial species involved in lipid hydrolysis and utilization of nutrients. Anaerovibrio lipolyticus has been recognized as one of the major species involved in lipid hydrolysis in ruminant animals. Ruminal lipase activity in animals receiving mainly concentrate feeds is thought to be accomplished mainly by Anaerovibrio lipolyticus (Prive et al., 2013). In this study, experimental cattle were fed with 90% of concentrate feeds (Yang et al., 2016). Mitsuokella multacida can produce phytase activity which reduce the need to supplement diets with additional phosphates in monogastric animals (Kalmokoff et al., 2009). Niacin significantly increased the abundance of two Succinivibrio species. Some Succinivibrio strains, such as Succinivibrio dextrinosolvens, have been shown to possess all the necessary enzymes for degradation and assimilation of nitrogen-containing compound (Hailemariam et al., 2020). Interestingly, as mentioned above, Selenomonas ruminantium produce ammonia from protein hydrolysates (Takatsuka et al., 1999), so the increased abundances of these two species by dietary niacin should improve the utilization of dietary protein. Succinivibrio dextrinosolvens has been reported to be associated with high feed efficiency (Hailemariam et al., 2020). However, it was strange that KEGG pathways Alanine, aspartate and glutamate metabolism, Valine, leucine and isoleucine degradation, and Lysine degradation were enriched in the control group. It was not difficult to explain this because the abundance of Prevotella ruminicola which had the highest relative abundance in both niacin (29.27% in average) and control (21.85%) groups and plays a significant role in the metabolism of proteins and peptides in the rumen (Wallace et al., 1997) was significantly decreased by dietary niacin (enriched in the control group). Furthermore, different from the improvement of dietary protein hydrolysates by niacin-upregulated microbes, previous study also indicated that niacin could increase microbial protein synthesis although inconsistent reactions to supplemental niacin has been reported (Erickson et al., 1991; Niehoff et al., 2009). This should be another explanation for the decreased abundance of functional pathways related amino acid metabolism and degradation in the niacin group. The relative abundances of several bacterial species including two Fibrobacter spp., two Ruminococcus spp., and Butyrivibrio_sp_YAB3001 that are involved in fiber digestion to produce VFAs (Xie et al., 2022) were also decreased by dietary niacin. Correspondingly, the abundances of the CAZymes CBM and PL were also significantly decreased by supplemental niacin. This result suggested that dietary niacin significantly decreased the abundances of several most common fiber-degrading and VFAs-producing bacteria in the rumen, such as Fibrobacter spp., and Ruminococcus spp., but increased the abundance of several butyrate-producing bacteria, such as Butyrivibrio fibrisolvens and Roseburia intestinalis in castrated finishing steers fed with 1,000 mg/kg niacin. The abundances of two pathogenic bacteria Escherichia coli and Xenorhabdus bovienii (Murfin et al., 2015) were down-regulated by dietary niacin, suggesting dietary niacin may have a beneficial effect on the health of experimental cattle.

All four archaeal species identified in this study are the members of Methanobrevibacter belonging to the methanogens in Euryarchaeota. According to meta-analysis of global data, 63.2% of rumen methanogens belong to the Methanobrevibacter (Janssen and Kirs, 2008). Interestingly, the abundances of Euryarchaeota and Methanocorpusculum in the rumen were significantly decreased by dietary niacin. Previous study has revealed that niacin possesses good binding affinity against Methyl co-enzyme M reductase (the target protein for methanogenesis) and should be treated as a potential inhibitor of methylcoenzyme M reductase (Dinakarkumar et al., 2021). Methane is generated in the foregut of all ruminant animals by the microbes present. Dietary manipulation has been regarded as the most effective and convenient way to increase nitrogen utilization efficiency and reduce methane emissions (and in turn energy loss in the animal). This result suggested that dietary niacin should be considered as an effective way to reduce methane emissions and energy loss.

Overall, dietary niacin up-regulated the abundances of bacterial species related to the fermentation of soluble sugars and lactic acid, the production of lactic acid and butyrate, lipid hydrolysis, and degradation and assimilation of nitrogen-containing compounds, but down-regulated the abundances of bacterial species involved in fiber digestion to produce VFAs and methane emissions. The results implied that niacin may improve nutrient (Carbohydrate, lipid and nitrogen-containing compounds) digestion and absorption, and reduce energy loss by regulating rumen bacteria. Niacin should also improve host health by down-regulated the abundances of several pathogens.

In our previous study, dietary niacin increased IMF along with no effect on backfat thickness (Yang et al., 2016). Concordantly, in this study, the correlation analysis between niacin-regulated rumen bacterial species and phenotypic values of fat deposition traits only identified the significant associations between niacin-regulated rumen bacterial species and IMF. Combining the discussion about the effect of niacin on rumen bacteria (see above), we speculated that niacin increased muscle IMF by improving nutrient (Carbohydrate, lipid, and nitrogen-containing compounds) digestion and absorption (Central carbon metabolism), and reducing energy loss, Lysine degradation, Valine, leucine and isoleucine degradation, and Biotin metabolism. Interestingly, the increased level of Valine, leucine and isoleucine has been reported to be associated with increased fat deposition (Chen et al., 2021).

In summary, in this study, we systematically exhibited and compared the profiles of microbial compositions and functional capacities of rumen and cecum microbiome, and constructed MAGs. Especially, we found significant effects of dietary niacin on rumen microbiome, but not on cecum microbiome. We further identified the rumen bacterial species regulated by dietary niacin. Finally, we suggested the possible mechanism of niacin increasing muscle IMF by regulating rumen microbiome. This study provides the knowledge and suggestions that dietary manipulation, such as niacin supplementation, should be regarded as the effective and convenient way to improve meat quality (IMF) and production performance, e.g., feed efficiency. It will help the beef cattle industry.
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This study investigated the effects of defective pear fermentation (DPF) diets on growth performance and gastrointestinal microbial communities in 60 healthy male small-tailed Han sheep, aged 90 days. The sheep were randomly divided into four groups, each consisting of three replicates with five sheep per replicate. Initially, all groups received a basal diet for seven days during the adaptation stage. Subsequently, for 60 days, group C (control) was fed a basal diet, group X received a basal diet with 2% DPF, group Y had a basal diet with 4% DPF, and group Z was fed a basal diet with 6% DPF. The results indicated that group Y experienced a significant increase in average daily gain (ADG) and average daily feed intake (ADFI). The addition of DPF significantly elevated the levels of GSH-Px and notably reduced MDA content compared to group C. Analysis of gastrointestinal microbiota showed that groups receiving DPF had increased relative abundances of Lachnospiraceae_NK3A20_group, norank_f p-2534-18B5_gut_group, Acetitomaculum, Actinobacteriota, Bacteroidota and Ruminococcus_gauvreauii_group, and decreased abundances of Proteobacteria, Prevotella, Staphylococcus, and Psychrobacter compared to group C. Group X exhibited the highest relative abundance of Olsenella, while group Y showed a significant increase in unclassified_f Lachnospiraceae compared to the other groups. Bacterial function prediction indicated that pathways related to energy metabolism were more prevalent in group X and Y. This study preliminarily confirms the feasibility of using DPF as feed additives, providing a foundation for further research and evaluation of DPF's application in animal production.
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GRAPHICAL ABSTRACT.
The schematic study design of the animal experiment.



1 Introduction

Xinjiang Uygur Autonomous Region is a prominent province for animal husbandry in China, with residents primarily consuming beef and mutton (Wang C. et al., 2023). With China's rapidly growing economy, the demand for meat products is increasing (Dawut and Tian, 2021). However, the development of animal husbandry in Xinjiang is heavily reliant on high-quality forage resources, a crucial factor that challenges the industry's growth (Thornton and Gerber, 2010; Godber and Wall, 2014).

In recent years, the cultivation of fragrant pears has become a significant sector in Xinjiang's forestry and fruit industry (Niu et al., 2019; Wang Z. et al., 2023). By the end of 2022, Bazhou's fragrant pear planting area reached 489,600 mu, yielding a total output of 386,400 tons (Ma et al., 2023). During harvesting, transportation, and marketing, a portion of the fruits, approximately 30% of total production, are deemed commercially valueless due to damage or spoilage. These are known as residual fruits and their abundance, coupled with their susceptibility to natural deterioration, poses environmental pollution risks and resource wastage (Guo, 2022).

Following China's 2020 ban on antibiotic utilization, there has been an increase in research on alternative feed additives, such as Chinese herbal additives, micro-ecological preparations, and plant essential oil extracts (Meena et al., 2022; Yang et al., 2022; Caroprese et al., 2023; Guo et al., 2023; Kiernan et al., 2023; Ramdani et al., 2023; Varga-Visi et al., 2023). While most research has focused on swine and poultry, applications in sheep are less common. At present, most of the research is to replace the traditional feed with unconventional feed to explore its effects on the growth performance and gastrointestinal function of animals. However, there are few studies on improving animal growth performance by adding fruit by-product or fermentation. The following are several studies on the use of fruit by-products in animals: Cheng (2021)'s study found that adding 8% grape pomace increased the daily feed intake of Tan sheep. Ao et al. (2022) study showed that adding 10% fermented apple pomace to the feed of weaned piglets could increase their average daily gain. As report goes, the antioxidant activity in plasma of lambs was increased after feeding 10% fermented apple pomace diet (Rodríguez-Muela et al., 2015). These few studies have revealed that fruit by-product or fermentation has a positive effect on animal growth, which is one of the reasons why our team chose to use defective pear fermentation as an additive.

In these contexts, we chose small-tail Han sheep as our study subject, one of China's superior hybrid breeds which is known for its rough feeding resistance, strong adaptability, high fecundity, and rapid growth rate (Lu et al., 2005; Jing et al., 2022). To enhance the preservation and utilization of defective pear resources in animal husbandry, this study utilized defective pear as a carrier for Lactobacillus plantarum and Bacillus subtilis to perform fermentation. The fermentation process preserved the nutrients in the pears and increased the quantity of probiotics. And then we added DPF into the diet of small-tailed Han sheep which aimed to evaluate the benefits of including fermented defective pear in the diet of small-tailed Han sheep to improve their growth, and to assess its impact on their intestinal flora using 16S rRNA analysis. The findings may establish the viability of fermented defective pear as a novel feed additive, offering insights into probiotic usage in meat sheep diets and potentially improving meat sheep productivity.



2 Materials and methods


2.1 Laboratory animals and design

This experiment was approved by the Animal Ethics Committee of the College of Animal Science and Technology of Tarim University and the China Agricultural University Laboratory Animal Welfare and Animal Experimental Ethical Inspection Committee (No. AW 72303202-1-1).

Sixty male small-tailed Han sheep, all 90 days old and similar body weights (36.03 ± 1.94 kg BW), were selected and divided into 4 groups with three replicates each and five sheep per replicate. During a 7-day adaptation stage, all groups received a basal diet. Subsequently, for 60 days, the sheep were fed different diets: group C (control) received the basal diet, group X the basal diet plus 2% DPF, group Y with 4% DPF, and group Z with 6% DPF.

The experiments were conducted at the Jin Hui Tong sheep farm (Xinjiang, China). The sheep pen was disinfected with 2% NaOH before the experiment began, and sheep were tagged and herded into the pen. The sheep were fed twice daily at 9:30 and 19:30 and had unlimited access to water, with two automatic water fountains in each pen and salt blocks provided.

The feed intake of small tail Han sheep in each treatment group was accurately recorded every day to draw the line chart of feed intake change. The BW, average daily feed intake (ADFI) and feed conversion rate were recorded every 30 days. A total of 3 sheep were sampled from each of the four groups of small-tailed Han sheep on day 60 after 12 h of fasting with the weight of each individual sheep recorded before slaughter.



2.2 Defective pear fermentation and diet

DPF was produced from defective pears with added mixed bacteria (Lactobacillus plantarum and Bacillus subtilis) and fermented for 90 days. The nutritional compositions of DPF are detailed in Table 1, and diets were formulated to meet NRC nutrient requirements, as shown in Table 2.


TABLE 1 The pH, nutritional compositions and antioxidant contents of defective pear fermentation (DPF).
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TABLE 2 Ingredients and nutrients of basal diet (dry matter basis).
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2.3 Sample collection

Blood samples (~10 mL for each sheep) were collected from the jugular vein at 2 h before slaughtering by using the vacuum blood collection tubes and centrifuged at 3,000 rpm for 15 min and 4°C to obtain the serum sample. These sheep were euthanized and the contents of the rumen, jejunum, and ileum (at day 60) were immediately collected, snap-frozen in liquid nitrogen, and stored at −80°C for analysis of gut microorganisms. The rumen, jejunal and ileal tissues were collected and immediately fixed in 4% paraformaldehyde (Biosharp Co., Ltd., Hefei, China) for subsequent morphological analysis.



2.4 Serum analysis

The contents of a group of eight biochemical indices, including superoxide dismutase (SOD), malondialdehyde (MDA), and glutathione peroxidase (GSH-Px), were measured using the kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). An automated biochemical analyzer (BK-280, Shandong Blobase Biotechnology Co., Ltd., Shandong, China) was used to measure glucose (GLU), triglycerides (TG), high-density lipoprotein cholesterol (HDL-C), low-density lipoprotein cholesterol (LDL-C), and total cholesterol (TC). All experiments were performed using triplicate biological replicates according to the manufacturer's recommended protocols.



2.5 Rumen, jejunum and ileum tissues staining

The pre-fixed samples were cut into small pieces of about 1 square centimeter, then they were covered and cut into thin slices and transferred to a constant temperature water bath at 40°C. After the slices had fully unfolded, let them attach to a glass slide. With 45 min baking at 55–60°C, the slices were haematoxylin-eosin (H&E) strained and measured (Liu et al., 2020). The sections with better morphology were selected and used to observe the morphological characteristics of the rumen, jejunum and ileum by using Image-Pro Plus 6.0 (Media Cybernetics Inc., Bethesda, MD).



2.6 DNA extraction and 16S rRNA gene sequencing of rumen, jejunum and ileum contents

The total DNA of microbial community was extracted from the rumen, jejunum and ileum contents, using the E.Z.N.A.® Stool DNA Kit (Omega Bio-tek, Norcross, GA) by following the manufacturer's procedures. The quality of the extracted DNA was estimated with 1% agarose gel electrophoresis. Then this amplification protocol used the universal primers were 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′). The genus for key bacterial 16S rRNA in the V3–V4 regions were amplified by the PCR thermocycler (ABI GeneAmR® 9700, Foster City, CA, United States) with the following programs: Denaturation for 3 min at 95°C. Subsequently, a total of 27 cycles were performed, with denaturation for 30 s at 95°C, annealing for 30 s at 55°C, and extension for 45 s at 72°C, ended by the final extension for 10 min at 72°C. The PCR was carried out in a mixture containing 4 μL 5 × TransStart FastPfu buffer, 2 μL 2.5 mM dNTPs, 0.8 μL forward primer (5 μM) and reverse primer (5 μM), 0.4 μL TransStart FastPfu DNA Polymerase, and 10 ng template DNA, with the final volume adjusted to 20 μL using ddH2O. The PCR products were collected by 2% agarose gel and purified using the AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, United States) by following the procedures recommended by the manufacturers. The concentrations of the purified PCR products were determined using the QuantusTM Fluorometer (Promega, United States).

The paired-end sequencing (2 × 300 bp) of the equimolarly pooled purified amplicons was performed on an Illumina MiSeq platform (Illumina, San Diego, CA, United States) using standard procedures recommended by the Majorbio Bio-Pharm Technology Co., Ltd. (Shanghai, China). Paired-end sequence reads were spliced using FLASH version 1.2.11 to generate the splicing sequences, namely raw tags (Magoč and Salzberg, 2011). QIIME version 1.9.1 (Bokulich et al., 2013) has been used for optimization of raw reads. Based on 97% identity with the representative sequences of the OTUs determined and annotated by Uparse version 11, the effective tags were clustered into the operational taxonomic units (OTUs). RDP Classifier version 2.13 based on the 16S rRNA database (Wang et al., 2007) was used to determine the taxonomy of each OTU representative sequence. The alpha diversity indexes (i.e., Chao1, Shannon, and Simpson) were calculated with Mothur version 1.30.2. The Origin software (version 2018, 64 bit) was used for relative abundance analyses at the phylum and genus level. MetaCyc pathways were predicted using PICRUSt 2 version 2.2.0 (Caspi et al., 2020).



2.7 Statistical analysis

The significant differences between groups were analyzed by one-way analysis of variance (ANOVA) and Duncan was employed in post-hoc tests using the SPSS statistical software version 22.0 (SPSS, Inc., Chicago, IL, United States). Graphs were created using Origin 2018 (OriginLab, Inc., Northampton, MA, United States). The data were shown as the mean ± standard error of the mean (SEM) with the significance levels set at P < 0.05 (*) and P < 0.01 (**), respectively.




3 Results


3.1 Effect of DPF on the growth performance of small-tailed Han sheep

The study evaluated the growth performance of small-tailed Han sheep across four groups, examining initial weights, slaughter weights, ADG, ADFI and FCR. The results, detailed in Table 3, indicated no significant differences (P > 0.05) in initial weights, slaughter weights and FCR, but there were significant differences in ADG and ADFI (P < 0.05) among the groups. The group Y exhibited the highest ADG, showing an 11.03% increase compared to group C. The ranking of average daily feed intake (ADFI) from highest to lowest was: Y, X, C, and Z, with group Y significantly higher (P < 0.01) than the other groups. The Supplementary Figure S1 illustrated that group Y maintained the highest ADFI throughout the experiment.


TABLE 3 Effects of defective pear fermentation (DPF) on the growth performance in four groups of small-tailed Han sheep (i.e., groups C, X, Y, and Z).
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3.2 Effect of DPF on the serum characteristics of small-tailed Han sheep

The impact of DPF on the serum characteristics of small-tailed Han sheep is presented in Table 4. Prior to DPF supplementation, there were no significant differences (P > 0.05) in the levels of SOD, MDA, and GSH-Px among the four groups. After 60 days of DPF feeding, MDA levels in groups X, Y, and Z were significantly reduced compared to group C (P < 0.01), with the most pronounced reduction (46.53%) observed in group Y. Similarly, GSH-Px levels were significantly higher in these groups compared to group C (P < 0.01), with group Y showing the highest increase. The levels of GLU, TC, HDL-C, LDL-C, and TG did not significantly differ (P > 0.05) among the four groups.


TABLE 4 Effects of defective pear fermentation (DPF) on the serum biochemical indices in the four groups of small-tailed Han sheep (i.e., groups C, X, Y, and Z) in 1 and 60 days.
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3.3 Effect of DPF on the intestinal morphology of small-tailed Han sheep

Table 5 presents the effects of DPF on the intestinal morphology of small-tailed Han sheep over 60 days. There were no significant differences observed in the PLs, PWs, and MTs of the rumen among the four groups (P > 0.05). However, the rumen PWs tended to widen in the groups supplemented with DPF compared to group C. In the jejunum, VHs and V/C in groups X and Y were significantly increased compared to group C (P < 0.01), and CDs in group Y significantly reduced (P < 0.05). In the ileum, CDs in the DPF-supplemented groups were significantly shallower than in group C (P < 0.05), with group Y having the shallowest CDs. There were no significant differences in VHs and V/C among the four groups (P > 0.05).


TABLE 5 Effects of defective pear fermentation (DPF) on the gastrointestinal morphology of the four groups of small-tailed Han sheep (i.e., groups C, X, Y, and Z).
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3.4 Effect of DPF on the rumen microbiota of small-tailed Han sheep

Figure 1 shows the impact of DPF on the rumen microbiota of small-tailed Han sheep after 60 days. Sequencing of the V3–V4 regions of the 16S rRNA gene yielded 263 shared bacterial OTUs, with group C having 142 unique OTUs and group Z 70 in Figure 1D. The Chao1 index, reflecting community richness, was significantly higher in the DPF groups compared to group C (P < 0.05; Figure 1A), indicating a substantial increase in rumen community richness following DPF feeding. The Shannon and coverage indexes showed no significant differences among the groups (P > 0.05; Figures 1B, C).


[image: Figure 1]
FIGURE 1
 Effect of defective pear fermentation (DPF) on the rumen microbiota in small-tailed Han sheep in 60 days. (A) The boxplot of Chao1 index. (B) The boxplot of Shannon index. (C) The boxplot of coverage index. (D) The shared and individual species number on the rumen detected in four groups were showed at Venn diagram in small-tailed Han sheep. (E) The relative abundances of the top ten bacterial phyla in the rumen microbiome of small-tailed Han sheep on day 60. (F) The relative abundances of the top ten bacterial taxa in the rumen microbiome of small-tailed Han sheep on day 60. Symbol “*” is respectively the expression of the significant differences at P < 0.05. Group C = control group; Group X = added with 2% DPF; Group Y = added with 4% DPF; Group Z = added with 6% DPF.


At the phylum levels, Table 6 showed that Firmicutes and Bacteroidota were the most abundant in the rumen microbiota. The relative abundance of Bacteroidota decreased as Firmicutes increased. In group Y, Bacteroidota had a significantly lower abundance than in the other groups (P < 0.01; Figure 1E). At the genus level, Prevotella was significantly lower in group Y (P < 0.01), while Lachnospiraceae_NK3A20_group was significantly higher in DPF groups (P < 0.05; Figure 1F; Table 6) compared to group C. The abundances of norank_f_norank_o_Clostridia_UCG-014 were higher in groups C and Y (P < 0.05; Figure 1F; Table 6) than in groups X and Z. Group Y showed a notably higher abundance of unclassified_f_Lachnospiraceae (P < 0.01), and groups X and Y had significantly higher levels of norank_f_p-2534-18B5_gut_group (P < 0.01; Figure 1F) compared to group C. Besides, there were significantly higher levels of Acetitomaculum in groups Y and Z compared to group C.


TABLE 6 Species with different relative abundance of rumen bacteria in different treatments at phylum and genus levels (%).
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Functional prediction analysis using PICRUSt2 software identified 388 MetaCyc pathways. T-tests revealed no significant pathway differences between most groups; however, Pyruvate Fermentation to Isobutanol (PWY-7111) was significantly higher in group Y compared to group Z (P < 0.05; Figure 2A).


[image: Figure 2]
FIGURE 2
 (A) Differential MetaCyc pathways of rumen bacteria in different treatment groups of small-tailed Han sheep. (B) The bacterial taxa in rumen correlated with growth performance of small-tailed Han sheep. The colors of the squares correspond to correlations: Yellow is positive, but red is negative. Symbol “***” represents a highly significant difference, i.e. P < 0.01.


Correlation analysis at the genus level showed significant associations between specific microbial species and growth performance indicators. The Figure 2B showed that the relative abundances of NK4A214_group, unclassified_f_Lachnospiraceae, and Shuttleworthia had significant positive correlations (P < 0.001) with FCR. Olsenella showed a significant negative correlation with FCR (P < 0.001), and Christensenellaceae_R-7_group had a significant negative correlation (P < 0.001) with ADG and ADFI.



3.5 Effect of DPF on the jejunum microbiota of small-tailed Han sheep

Figure 3 illustrates the impact of DPF on the jejunum microbiota of small-tailed Han sheep over a period of 60 days. Sequencing the V3–V4 regions of the 16S rRNA gene in jejunum content samples from the four groups identified 50 shared bacterial OTUs, with 34 unique OTUs in group C and 170 in group X (Figure 3D). The Chao1 index, which indicates community richness, was significantly higher in the DPF-supplemented groups compared to group C (P < 0.05; Figure 3A). Notably, groups X and Z had significantly higher Chao1 indices than group Y (P < 0.05), with group X also surpassing group Z. The Shannon index, representing community diversity, was significantly higher in groups X and Z compared to group C, while no significant difference was observed between groups Y and C. The coverage index was significantly lower in the DPF groups compared to group C (P < 0.05; Figures 3B, C).
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FIGURE 3
 Effect of defective pear fermentation (DPF) on the jejunum microbiota in small-tailed Han sheep in 60 days. (A) The boxplot of Chao1 index. (B) The boxplot of Shannon index. (C) The boxplot of coverage index. (D) The shared and individual species number on the jejunum detected in four groups were showed at Venn diagram in small-tailed Han sheep. (E) The relative abundances of the top ten bacterial phyla in the jejunum microbiome of small-tailed Han sheep on day 60. (F) The relative abundances of the top ten bacterial taxa in the jejunum microbiome of small-tailed Han sheep on day 60. Symbol “*,” “**,” and “***” are respectively the expression of the significant differences at P < 0.05, P < 0.01 and P < 0.001. Group C = control group; Group X = added with 2% DPF; Group Y = added with 4% DPF; Group Z = added with 6% DPF.


Regarding the relative abundances at the phylum level, Actinobacteriota and Bacteroidota were significantly higher in the DPF groups than in group C (P < 0.01; Figure 3E; Table 7) and Proteobacteria was significantly lower in the addition groups compared with group C (P < 0.05; Figure 3E; Table 7). At the genus level, Staphylococcus was significantly more abundant in group C than in the other groups (P < 0.01; Figure 3F). Notably, Enterococcus and Howardella were most abundant in group Y, showing significant differences (P < 0.01; Figure 3F; Table 7) compared to the other groups. The relative abundances of Olsenella were significantly higher in groups X and Y than in groups C and Z (P < 0.01). Group Z had a significantly higher abundance of Family_XIII_AD3011_group compared to the other groups.


TABLE 7 Species with different relative abundance of jejunum bacteria in different treatments at phylum and genus levels (%).
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Functional prediction analysis using PICRUSt2 software identified 404 MetaCyc pathways. T-tests indicated significant differences (P < 0.05; Figure 4A) in four pathways between groups C and X: CDP-diacylglycerol biosynthesis I (PWY-5667), glycolysis III (ANAGLYCOLYSIS-PWY), the Calvin-Benson-Bassham cycle (CALVIN-PWY), and the non-oxidative branch of the pentose phosphate pathway (NONOXIPENT-PWY), with higher proportions in group X. Group Z showed significantly higher proportions of CALVIN-PWY compared to group C (P < 0.05; Figure 4B). Between groups X and Z, four pathways showed significant differences (P < 0.05; Figure 4C): Adenosine ribonucleotides de novo biosynthesis (PWY-7219), Superpathway of branched amino acid biosynthesis (BRANCHED-CHAIN-AA-SYN-PWY), CALVIN-PWY, and NONOXIPENT-PWY, with higher proportions in group X.
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FIGURE 4
 Differential MetaCyc pathways of jejunum bacteria in different treatment groups of small-tailed Han sheep: (A) group C and X; (B) group C and Z; (C) group X and Z. (D) The bacterial taxa in jejunum correlated with growth performance of small-tailed Han sheep. The colors of the squares correspond to correlations: Yellow is positive, but red is negative. The significant difference is set at P < 0.05 (*), P < 0.01 (**), respectively.


Spearman correlation analysis revealed no significant correlations between species at the genus level in the jejunum microbiota and growth performance indicators in small-tailed Han sheep (Figure 4D).



3.6 Effect of DPF on the ileum microbiota of small-tailed Han sheep

Figure 5 displays the effects of DPF on the ileum microbiota of small-tailed Han sheep over 60 days. Sequencing the V3–V4 regions of the 16S rRNA gene in ileum content samples from the four groups identified 257 shared bacterial OTUs, with group C having 51 unique OTUs and group Z 211 (Figure 5D). The Chao1 index, indicating community richness, showed no significant differences among the treatment groups (P > 0.05; Figure 5A). However, group X exhibited a significantly higher Shannon index (reflecting community diversity) compared to group C (P < 0.05; Figure 5B), and its Coverage index was also significantly higher than that of group Z (P < 0.05; Figure 5C).
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FIGURE 5
 Effect of defective pear fermentation (DPF) on the ileum microbiota in small-tailed Han sheep in 60 days. (A) The boxplot of Chao1 index. (B) The boxplot of Shannon index. (C) The boxplot of coverage index. (D) The shared and individual species number on the ileum detected in four groups were showed at Venn diagram in small-tailed Han sheep. (E) The relative abundances of the top ten bacterial phyla in the ileum microbiome of small-tailed Han sheep on day 60. (F) The relative abundances of the top ten bacterial taxa in the ileum microbiome of small-tailed Han sheep on day 60. Symbol “*” is respectively the expression of the significant differences at P < 0.05. Group C = control group; Group X = added with 2% DPF; Group Y = added with 4% DPF; Group Z = added with 6% DPF.


The analysis revealed that the relative abundances of Firmicutes were significantly higher in groups C and Y than in groups X and Z (P < 0.05; Figure 5E; Table 8). Actinobacteriota was significantly less abundant in groups X, Y, and Z compared to group Z (P < 0.05), while group X had the highest relative abundance of Bacteroidota (P < 0.01; Figure 5E; Table 8). At the genus level, Psychrobacter was significantly less abundant in the DPF-supplemented groups than in group C (P < 0.01; Figure 5F; Table 8). Additionally, the relative abundances of Olsenella, Howardella, DNF00809, and Monoglobus were significantly higher in group X compared to the other groups (P < 0.01; Figure 5F; Table 8). Group Y had the highest relative abundances of Romboutsia, Ruminococcus_gauvreauii_group, and Clostridium_sensu_stricto_13 among four groups (P < 0.01; Figure 5F; Table 8).


TABLE 8 Species with different relative abundance of ileum bacteria in different treatments at phylum and genus levels (%).
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Functional prediction analysis using PICRUSt2 software identified 403 MetaCyc pathways. T-tests indicated significant differences in six pathways between groups C and X: Superpathway of pyrimidine nucleobases salvage (PWY-7208), CDP-diacylglycerol biosynthesis II (PWY0-1319), CDP-diacylglycerol biosynthesis I (PWY-5667), CALVIN-PWY, Adenosine ribonucleotides de novo biosynthesis (PWY-7219), and NONOXIPENT-PWY, with group X showing higher proportions (Figure 6A). Group Z had significantly higher proportions in five pathways compared to group C: L-lysine biosynthesis III (PWY-2942), L-isoleucine biosynthesis I (ILEUSYN-PWY), L-valine biosynthesis (VALSYN-PWY), L-isoleucine biosynthesis II (PWY-5101), and PWY-7111 (Figure 6B). Ten pathways were significantly more abundant in group X compared to group Z: PWY-5667, L-isoleucine biosynthesis IV (PWY-5104), UMP biosynthesis (PWY-5686), PWY-7219, ILEUSYN-PWY, VALSYN-PWY, CALVIN-PWY, PWY-7111, PWY-5101, and NONOXIPENT-PWY (Figure 6C).
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FIGURE 6
 Differential MetaCyc pathways of ileum bacteria in different treatment groups of small-tailed Han sheep: (A) group C and X; (B) group C and Z; (C) group X and Z. (D) The bacterial taxa in ileum correlated with growth performance of small-tailed Han sheep. The colors of the squares correspond to correlations: Yellow is positive, but red is negative. Symbol “*” represents a significant difference, i.e. P < 0.05.


Spearman correlation analysis found significant associations between certain genus-level species in the ileal microbiota and growth performance indicators. Figure 6D revealed that the abundance of Aerococcus (P < 0.05) was positively correlated with ADFI, while Mogibacterium and Ruminococcus showed negative correlations with FCR (P < 0.05).




4 Discussion


4.1 Effects of DPF on the growth performance of small-tailed Han sheep

The nutritional value of feed is primarily determined by its chemical composition, but its effectiveness depends on how it's digested and metabolized by animals, thereby fulfilling their physiological needs (Gao, 2023). In this study, the inclusion of group Y's diet in small-tailed Han sheep led to a significant increase in ADFI compared to group C. This suggested that the fermentation process, which included specific probiotics and a distinctive fruit flavor (Guo, 2022), may have enhanced the palatability of the total mixed ration (TMR). Similar findings, such as the unique probiotic fermentation aroma of Brewers' spent grain improving feed intake and weight gain in lambs, support this observation (Feksa Frasson et al., 2018). Group Z showed the lowest ADFI, likely due to an excessive amount of defective pear fermentation and high sugar content, increasing the TMR's viscosity and altering its texture, thus reducing feed intake.

ADG increased with the increase of ADFI, and there was a positive correlation between them (Foote et al., 2017; Saleem et al., 2017; Flohr et al., 2018; Devyatkin et al., 2021; Zhou et al., 2023). However, the increase of ADFI does not necessarily increase FCR. For example, as reported by Ferronato et al. (2024), the feed intake of broilers in the grower period increased significantly after vitamin C and acetylsalicylic acid were added, but there was no significant change in FCR. The influence of feed pH on feed intake is mainly due to the acidity impacting the palatability of the feed itself. For example, Wang (2022) reported that when excessive fermented pomegranate peel was added to the feed of broilers, high tannic acid content made the feed itself sour and palatability decreased, resulting in lower feed intake and weight gains in the treated group. In this study, although ADG and ADFI in groups X and Y were significantly increased, slaughter weight was not affected. The reason for this phenomenon may be that the pH of TMR decreased slightly after the addition of DPF, while the internal environment of the rumen was in a relatively stable neutral environment for a long time, and the decrease of feed pH may have a certain impact on rumen digestion and absorption, which resulted in no significant difference in slaughter weight and FCR.



4.2 Effects of DPF on the serum characteristics in small-tailed Han sheep

Pears, as one of the most well-known fruits around the world, contain a certain amount of flavonoids and phenolic compounds in their flesh, skin, and core, which are known to have antioxidant properties (Teixeira et al., 2023). However, an animal's antioxidant defense system is integral to its health. The primary roles of GSH-Px and SOD are to eliminate free radicals (Song and Shen, 2020; Zheng et al., 2023). Malondialdehyde, a byproduct of lipid peroxidation in cells, can damage cell membrane structure and function (Meng et al., 2023). In this study, the defective pears still retained a certain amount of flavonoids and phenolic compounds after they were made into fermentation (Table 1). So the antioxidant capacity of sheep in the groups with added DPF were better than that in the group without added DPF.

GLU is an energy source crucial for the growth of small-tailed Han sheep, reflecting their energy metabolism state (Graugnard et al., 2012). TC, HDL-C, LDL-C, and TG are important lipid markers (Agongo et al., 2022). Since the sheep in this study were raised in captivity, these indicators were monitored to ensure normal growth without excessive fat accumulation. The results indicated no abnormal fat accumulation in any group.



4.3 Effects of DPF on the gastrointestinal morphology of small-tailed Han sheep

The rumen of ruminants is a complex ecosystem vital for the initial digestion and absorption of nutrients such as protein, starch, and fiber in feed (Norouzian et al., 2011; Zeitz et al., 2016). Key structural aspects of the rumen, such as papilla height (PL), width, and muscle layer thickness (MT), influence its digestive and absorptive functions. These structures enhance feed nutrient digestion and absorption by increasing the surface area in contact with feed (Górka et al., 2018; Zhang K. et al., 2021). In this study, while there were no significant differences in various indicators, group Y exhibited the highest levels of PLs and MTs. A higher PL increases the contact area with ingested feed, and a thicker MT indicates stronger rumen peristalsis ability in group Y, leading to improved rumen digestion and absorption. This correlates with the observed changes in ADG and ADFI in group Y, which were the highest among the four groups, due to the better development of ruminal PLs and MTs.

Typically, an animal's gut is divided into anterior segment and posterior segments. The anterior segment, including the jejunum and ileum, is the primary site for digestion and absorption. Feed initially digested in the rumen turns into chyme, which is mainly digested and absorbed in the jejunum and ileum (Wang et al., 2020). Villus height (VH), crypt depth (CD), and the villus-to-crypt ratio (V/C) are critical indicators of the small intestine's health and the digestive and absorptive capacity of sheep (Han et al., 2022). VH determines the contact area between the intestinal lining and chyme and is positively correlated with this area (Awad et al., 2011). As CD increases, villi shrink, reducing digestion. V/C ratio is an indicator of small intestine function (Yu et al., 2022).

In this study, group Y showed the highest VH and V/C ratios and the lowest CD in the jejunum, indicating superior intestinal health and digestive and absorptive capabilities compared to other groups. Group X's VH was second only to group Y, but its CD was the highest, leading to a V/C ratio comparable to groups C and Z. Although the VH in group Z's jejunum was not significantly different from group C, it was the lowest among all groups. Thus, excessive DPF addition (6%) may negatively impact intestinal health and function.

The CD of the ileum in each treatment group merits attention. As DPF amounts increased, CD initially decreased then increased, particularly at a 6% supplementation level. These structural changes suggest that the DPF amount should be optimal. This also explains the poor growth performance of group Z, likely due to diminished intestinal health and reduced digestive and absorptive functions.



4.4 Effects of DPF on the rumen microbiota in small-tailed Han sheep

The rumen, a crucial digestive organ in ruminants, significantly impacts their digestive system, particularly through its microbial structure. Understanding the relationship between rumen microbiota and growth performance is essential for enhancing the growth of small-tailed Han sheep. In this study, we compared and explored the bacterial communities in rumen content samples across four treatment groups. The results indicated a significant increase in species richness of bacterial communities with the addition of DPF, although the Shannon and coverage indices showed no significant differences. At the phylum level, the microbial composition of the rumen is relatively stable, predominantly comprising Firmicutes, Bacteroidota, Fibrobacteres, and Proteobacteria (McCann et al., 2014; Deusch et al., 2017; Ge et al., 2023). In line with previous studies, the rumen microbiota in our study was dominated by Firmicutes and Bacteroidota, collectively accounting for over 90% of the total abundance in each treatment group. Common dominant genera included unidentified Prevotellaceae, Fibrobacter, unidentified Lachnospiraceae, Saccharofermentans, and Succinivibrio (Dai et al., 2015; Zhang Y. K. et al., 2021). Our findings (Figure 1F; Table 6) mirrored these trends, showing high relative abundances of Prevotella, Lachnospiraceae_NK3A20_group, norank_f_norank_o_Clostridia_UCG-014, and unclassified_f_Lachnospiraceae at the genus level. Notably, the relative abundance of Prevotella was significantly lower in the DPF-supplemented groups compared to group C. This could be due to the inhibition of Prevotella growth by higher abundances of Lachnospiraceae_NK3A20_group in the supplemented groups. Specifically, group Y had the highest abundance of unclassified_f_Lachnospiraceae but the lowest of Prevotella, suggesting a possible antagonistic relationship between Prevotella and Lachnospiraceae. unclassified_f_Lachnospiraceae, a potential probiotic, played a role in the metabolism of various carbohydrates and the fermentation of intermediate lactate and acetate to butyrate, aiding in maintaining rumen homeostasis and feed digestion (Paz et al., 2018; Zhang et al., 2022). This aligns with our findings, which revealed a significant positive correlation between unclassified_f_Lachnospiraceae and FCR, but slightly different, the increase of ADG and ADFI in group Y did not have significant effects on slaughter weight and FCR. Therefore, we can only assume that DPF has the potential to improve the growth performance of small-tailed Han sheep. Additionally, bacterial function prediction indicated that Pyruvate Fermentation to Isobutanol pathway was enriched in group Y (Figure 2A). Given that isobutanol production requires one NADPH molecule per molecule, higher isobutanol levels can enhance animals' antioxidant capacity (Sauer and Eikmanns, 2005). Consequently, the antioxidant capacity of sheep in group Y was stronger than that in group Z.



4.5 Effects of DPF on the jejunum microbiota in small-tailed Han sheep

The jejunum is a critical site for nutrient absorption in animals, and a healthy jejunal environment is essential for their growth and development. Our analysis of alpha diversity indicated a significant increase in species richness in the groups supplemented with DPF. Microbial community diversity was notably higher in groups X and Z compared to groups Y and C (Figure 3B). The coverage for each group exceeded 0.99, ensuring the reliability of the detection results (Figure 3C). At the phylum level, an important observation (Figure 3E; Table 7) was made regarding the relative abundances of bacteria in the jejunum. Group C exhibited the highest relative abundance of Proteobacteria but the lowest of Bacteroidota among all groups (Pitta et al., 2014). Previous research suggests that Bacteroidota are more efficient in degrading carbohydrates and polysaccharides than Proteobacteria, which could explain the reduced digestion and absorption capabilities, and consequently poorer growth performance, in group C. Additionally, the presence of Staphylococcus, of which more than half are pathogenic, was noted in group C (Hindieh et al., 2022). In contrast, only minimal amounts of Staphylococcus were detected in the DPF-supplemented groups, indicating that DPF addition to the diet of small-tailed Han sheep could effectively reduce Staphylococcus levels in the jejunum (Figure 3F; Table 7). Moreover, group Y had the highest relative abundance of Enterococcus (Figure 3F; Table 7), a potential probiotic known to withstand digestive stress and benefit host health, possibly contributing to the superior growth performance of sheep in this group (Siddique et al., 2021). Bacterial function prediction revealed that most metabolic pathways were enriched in group X (Figures 4A–C), with significant differences from groups C and Z. For instance, the NONOXIPENT-PWY pathway, closely associated with glycolysis in the body, suggests that stronger glycolysis capability, as seen in group X, yields more energy conducive to bodily activities. Hence, the proportion of NONOXIPENT-PWY in group X was slightly higher than in groups C and Z (Figures 4A–C).



4.6 Effects of DPF on the ileum microbiota in small-tailed Han sheep

The ileum, situated after the jejunum, plays a crucial role in digestion and absorption. Alpha diversity analysis showed that group X had the highest Shannon index, indicating a more diverse bacterial community in this group (Figure 5B). The bar chart representing genus-level relative abundance revealed that group C had the highest abundance of Psychrobacter (Figure 5F). Some research suggests that Psychrobacter may be a potential probiotic positively affecting animal growth (Yang et al., 2011; Makled et al., 2017). However, Psychrobacter was not detected in the groups supplemented with DPF in this study, likely due to the inhibitory effect of other bacteria in these groups. Notably, group Y had the highest abundance of the Ruminococcus_gauvreauii_group (Figure 5F; Table 8), crucial in starch degradation (Flint et al., 2008; Chassard et al., 2012). Group Y exhibited the highest abundance (Figure 5F; Table 8) of Clostridium_sensu_stricto_13, a member of the Clostridium genus and a symbiotic bacterium in the animal gut known for producing spores that withstand environmental stress, thus aiding gut health (Guo et al., 2020). There is varied research regarding Olsenella. Some studies identify it as an anaerobic bacterium that produces lactic acid from glucose fermentation, similar to Lactobacillus, and is considered a probiotic aiding feed digestion (Gaowa et al., 2021). However, McLoughlin et al. (2020) found a negative correlation between Olsenella and FCR. Our study differs from this finding, Mogibacterium and Ruminococcus were negatively correlated with FCR (Figure 6D). However, given the growth performance of DPF2, Olsenella appeared to positively influence the growth and development of sheep in our study, tentatively categorizing it as a potential probiotic. Like in the jejunum, group X had more enriched MetaCyc pathways, with no significant differences in pathway proportions between groups X and Y (Figures 6A–C).




5 Conclusion

In conclusion, our study demonstrated the positive effects of using 2% to 4% DPF as feed additives on the growth performance of small-tailed Han sheep. This supplementation notably increased both the ADG and ADFI of these sheep. Furthermore, incorporating DPF into the diet significantly enhanced the antioxidant capacity of the small-tailed Han sheep. The gastrointestinal microbiota compositions were notably altered by DPF addition, primarily elevating the relative abundance of Firmicutes and suppressing Gram-negative bacteria, including Prevotella. The addition of 4% DPF notably increased the relative abundance of unclassified_f_Lachnospiraceae in the rumen. Concurrently, there was a marked increase in the relative abundance of Bacteroidota and a decrease in Proteobacteria, with a significant increase in Enterococcus, especially in group Y within the jejunum. Additionally, the relative abundances of Olsenella and Ruminococcus_gauvreauii_group in jejunum segment and ileum segment were increased after the addition of DPF. At the same time, an increase of the relative abundance of Olsenella in group X in the ileum segment was particularly prominent. Bacterial function prediction indicated that energy metabolism-related pathways, such as NONOXIPENT-PWY, were more prevalent in groups X and Y, potentially boosting the sheep's metabolic capacity. These findings preliminarily confirm the viability of using DPF as a feed additive, suggesting a 2% to 4% inclusion rate in the diet of small-tailed Han sheep. However, further research is needed to explore the broader implications of DPF use in animal production, particularly in regions lacking high-quality feed.
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This experiment aimed to examine the impact of Salicornia europaea L. extract on sheep growth performance, rumen fermentation variables, nutrient apparent digestibility, and gastrointestinal microbial diversity. Forty-eight male Altay sheep, weighing 32.5 ± 2.8 kg and approximately 3.5 months old, were chosen. Four dietary treatments, each consisting of four replicates and three sheep per replicate, were distributed randomly to the sheep. The pelleted total mixed ration containing Salicornia europaea L. extract at 0.0, 0.2, 0.4, and 0.6% DM was freely available to the sheep in the four treatment groups. The 56-day experiment consisted of 45 days of measurements followed by 11 days of adaptation. The growth performance was not affected by nutrition Salicornia europaea L. extract (p ≤ 0.05), but the feed-to-gain ratio was reduced when the extract was given at 0.4% DM (p ≤ 0.05). Compared to the 0 and 0.2% treatments, the apparent digestibility of DM, OM, NDF, and ADF was substantially greater in the 0.4, and 0.6% treatments. Furthermore, compared to sheep in the 0 and 0.2% groups, sheep in the 0.6% group had a noticeably higher apparent digestibility of CP. As the amount of Salicornia europaea L. extract added to the rumen fluid rose, the molar ratio of acetic acid increased. In contrast, the molar ratio of propionic acid gradually decreased, and the total volatile fatty acid content gradually reduced. Thus, adding a suitable quantity of Salicornia europaea L. extract to the sheep ration is natural and secure, which may improve the environmental sustainability of small ruminant production systems.
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Introduction

Livestock products are experiencing a surge in demand due to income growth, global population increase, and rising urbanization, particularly in developing nations. According to Cheng et al. (2022) and Liu et al. (2023), 33 percent of the world’s protein and 17 percent of the world’s calories come from livestock. Predictions suggest that by 2050, the consumption of animal products could rise by 70% due to escalating urbanization, income levels, and global population growth (Yitbarek, 2019). Meeting this increased demand will necessitate the production of more animal feed. Some countries may face a shortage of forage for ruminants because of climate change, leading to water supply deficiencies and increased salinity in soil and groundwater (Singh et al., 2014; Khondoker et al., 2023).

Under these challenging circumstances, halophyte crops that are acclimated to high temperatures, saltiness in the soil and water, and other factors might provide adequate fodder (Abouheif et al., 2000; Abdellaoui et al., 2023). Because they can thrive in highly salinized conditions, halophytes hold promise for enhancing ecosystems and saline agricultural methods. It may preserve freshwater, produce valuable goods, recover biodiversity, and enhance soil quality. Halophytes have been successfully employed for restoring coastal habitats and wetlands, and they may offer important genes for biosaline agriculture (Cheeseman, 2015; Ventura et al., 2015). Through yields of up to 23.1 t DM/ha, the Salicornia species, which belong to the Amaranthaceous family, are succulent halophytic herbs with considerable economic potential as alternative crops. Water with a salt content as high as seawater can be used to irrigate it, and after the plant grows, the Na salts can be removed to aid in the restoration of saline soils (Chaudhary et al., 2018). Badri and Ludidi (2020) found important variation among halophyte species, which helped improve conventional fodder plants, provide animal feed, conserve fresh water in African nations, and understand the biological processes and genetic tolerances toward environmental constraints.

Salicornia europaea L. is a Mediterranean halophytic plant indigenous to East Asia. It can withstand salt stress thanks to an abundance of bioactive defense secondary metabolites. In Korea and Europe, Salicornia europaea is frequently eaten as a raw vegetable or as a fermented food. It is now available for purchase as an edible halophyte (Kang et al., 2015; Gunning, 2016). Salicornia europaea L. has been found to contain carbohydrates, proteins, minerals, oils, phenolic compounds, flavonoids, sterols, saponins, alkaloids, and tannins according to phytochemical studies (Patel, 2016). Furthermore, Salicornia europaea L. may be used therapeutically as an antibacterial, anti-oxidative, anti-inflammatory, anti-adaptogenic, anti-vascular neointima, anti-hyperlipidemic, and anti-diabetic agent, according to mounting data (Hwang et al., 2010). The crude protein (CP) levels of Salicornia species range widely, from 60 to 200 g/kg DM, while the ash ranges from 140 to 300 g/kg dry matter (DM) (El Shaer, 2010). Furthermore, it was reported that Salicornia has a low lignin content (19.6 g/kg, DM basis) (Bañuelos et al., 2018). Also, Akinshina (2014) examined seven distinct halophyte plants, finding that each had 140–490 g of ash/kg of dry matter. Salicornia had an ash content of 485.52 ± 10.11 g/kg of DM.

Because residual solvents may be harmful to the health of humans, organic materials extracted with water, ethanol, or their mixtures are being used more and more as food additives in a variety of foods and as preventative or therapeutic agents (Awad et al., 2021). The hot water method of extraction is thought to be the most practical and straightforward of all the extraction techniques (Jin et al., 2023). Even though there are a ton of research investigations on the properties of halophyte essential oil extracts made with toxic solvents (acetone, methanol, and chloroformic acid) and the chemical makeup of these oils (Joseph et al., 2013; Jallali et al., 2014), environmentally friendly extraction methods like UAE or SFE—which only require ethanol or water—are not being used. Cristina et al. (2018) used supercritical fluid extraction and ultrasound-assisted extraction to study extracts of sea fennel and marsh samphire from Mediterranean coast plants. The ideal temperature, ethanol concentration, was at 50°C and 300 bar pressures with 40% (v/v) ethanol concentration, and extraction time (20 min), and UAE and SFE extraction parameters were 50°C and 20 min, respectively. Salicornia europaea L. had the least number of antioxidants, whereas the extract from Crithmum maritimum L. had the highest amount.

According to Mahmoud et al. (2016), the feed performance of calf camels can be negatively impacted by using Salicornia biomass as a roughage component up to 25% in a diet that includes no more than 14.5% crude protein. This plant’s main component is NaCl, which contributes to its high ash content (Zhang et al., 2015). Elevated sodium levels in the diet lead to a rise in water consumption and the rumen’s flow of undigested digest, which improves protein digestion and decreases the fermentation of fiber (Basmaeil et al., 2003). Additionally, the negative effects of high ruminal fluid osmolality on microbial growth and lowered ruminal digestive juices retention time, the elevated salt levels in Salicornia forage raised water consumption, which in turn decreased digestion (Masters et al., 2007). According to Taghipour et al. (2021), adding Salicornia bigelovii forage up to 30% of it instead of alfalfa hay to a sheep’s maintenance diet raised blood’s total antioxidant capacity and reduced in vitro ruminal methane production without hurting the nutrient digestibility of the animal in vivo.

This study evaluated the impact of feeding Salicornia europaea L. extract on the health status, rumen fermentation parameters, nutrient digestibility, growth performance, and gastrointestinal microbial diversity of Altay sheep.



Materials and methods


Ethical approval

The protocols and methods used in the experiments were authorized by the Xinjiang Animal Welfare and Ethics Committee Academy of Animal Sciences, China (Approval No., 2021–276, 15 May 2021). All animal treatments and experiments were performed according to the recommendations of the guidelines for ethical review of animal welfare in the national standards of the People’s Republic of China.



Animals and the administration

Forty-eight Altay male sheep with body weights of (32.5 ± 2.8 kg) at the age of 3.5 months were selected and purchased from Xinjiang Zhongxin Qi Agricultural and Animal Husbandry Professional Cooperatives Association. The basal diet (Table 1) consisted of a complete mixed diet with a concentrate-to-forage ratio of 65:35 designed to meet the Daily Nutrient Requirements of Meat Sheep (DB65/T 4244–2019) requirements for growing sheep.



TABLE 1 Composition and nutritional level of basal diet (DM basis) %.
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Animal testing was conducted in the Xinjiang Zhongxin Qi Agricultural and Animal Husbandry Professional Cooperatives Association, and the animal house was thoroughly cleaned and disinfected before the purchase of test animals. Each experimental animal was raised in a single column (1.0 m × 1.2 m) and fed twice a day at 9:00 AM and 6:00 PM respectively, during which time the experimental animals were free to eat and drink.

The Salicornia europaea L. extract was provided by Henan Yixin Biotechnology Co., Ltd. The collected fresh stem and leaf samples of Salicornia europaea L. were dried, crushed, and mixed with a certain volume of distilled water. Then it was extracted in an ultrasonic-assisted extraction machine, and the crude extract was concentrated and spray-dried to obtain the Salicornia europaea L. extract.



Trial design

Using the equivalent body weight principle, the sheep were split into four dietary treatments at random, with four replicates for each treatment and three sheep per replicate. The first group served as a control group and was fed only the basal diet. The other three experimental groups were fed the basal diet supplemented with Salicornia europaea L. extract at 0.2, 0.4, or 0.6% DM, respectively. The feeding experiment lasted 56 days.



Measurements


Growth performance

Every 3–4 days, the amount of feed was changed to allow for five to 10 % residues. The weight gain of individual sheep was measured from the 1st and 56th day to the end of the experiment. The daily feed intake and leftover feed amount for each repeated group of sheep were recorded. The daily intake of dry matter and average daily gain (ADG) were calculated; the feed gain (F/G) ratio was calculated based on the ADG and daily dry matter intake.




The measurement of apparent digestibility

Offered and refused feed were recorded daily; during the last week of the experiment, five sheep from each treatment with similar DMI and BW were selected for a 7-day digestibility test. The nutrient’s apparent digestibility was determined by the acid-insoluble ash method. The feces of each sheep were collected by the total manure collection method twice a day. After mixing, 10% of the feces were taken as mixed samples and stored in a zip locked bag. Ten mL of nitrogen fixation (10% diluted sulfuric acid) was added to every 100 g of fresh feces during 5 days of continuous feces collection. Every sheep’s feces sample was combined individually and frozen at −20°C.

ANKOM 200i fiber analyzer (ANKOM Technologies, Inc., Fairport, NY, United States) was used to analyze the contents of the DM, organic matter (OM), and CP by AOAC (2000). The neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed using the ANKOM filter bag technique. Nutrient digestibility = 100–100 x (% indicator in feed x % nutrient in feces)/(% indicator in feces x % nutrient in feed) was the model used for determining digestion (Huhtanen et al., 1994).



Rumen fermentation indicators

Samples of rumen fluid were taken after the digestibility test was completed. Before the morning nutrition, five sheep from each group had their rumen fluid collected. Following the pooling and filtering of this fluid through four layers of cheesecloth, a 100 mL sample of rumen fluid was taken, then thoroughly combined, split into 10 mL centrifuge tubes, stored in liquid nitrogen, and finally stored at −80°C. A digital pH meter (Testo205 type) was utilized to determine the ruminal pH. The test consisted of a solution of phenol–hypochlorite and was utilized to ascertain the concentration of ammonia-N (NH3-N). Gas chromatography (Agilent 6,890 N Gas Chromatograph) fitted with a capillary column (19,091 N-213; Agilent) was used to measure the volatile fatty acids (VFA) in rumen.



Ruminal and intestinal microbiota

Following the completion of the digestibility evaluation, rectal feces samples were collected. From each group, five sheep were chosen, and samples of the rectal feces were artificially collected. These samples were then frozen at −80°C in a cryogenic vial for additional examination. After collecting and nominating a portion of the rumen liquid through the layers of lumbar fabric, some of the samples were filtered via four layers of muslin cloth, collected in 50 mL falcon tubes labeled with the relevant information, and then subjected to bacterial genomic DNA extraction.



Ruminal and intestinal microorganism DNA extraction

Following the kit’s instructions, samples were used to extract microbial genomic DNA (Tian Gen Biochemical Technology Co., Ltd.). A 1% agarose gel electrophoresis was used to assess the extraction quality, and a micro-ultraviolet spectrophotometer (Nanodrop 2000) was utilized to measure the purity and concentration of DNA. For future use, the extracted whole genomic DNA was kept at −20°C.



PCR amplification and sequencing

The construction and sequencing of bacterial genomic libraries were completed using Shanghai Personal Biotechnology Co. Ltd., using PCR to amplify the standard bacterial 16S rRNA V3–V4 region. The bacterial universal primer sequences used were 338F (5’-ACTCCTACGGGAGGCAGCAG-3′) and 806R (5′ -GGACTACHVGGGTWTCTAAT-3′). The amplification system consisted of 25 μL of reaction buffer, GC buffer, dNTP, forward and reverse primers, DNA template, ddH2O, and Q5 DNA Polymerase. The PCR products underwent 2% agarose gel electrophoresis and were recovered using the Axygen gel recovery and a purification kit was used to recover the V3-V4 region amplification products.

The TruSeq Nano DNA LT Library Prep Kit from Illumina was used to create the Illumina sequencing library. The Agilent High Sensitivity DNA Kit was used to assess the library’s quality on the Agilent Bioanalyzer before sequencing. The Quant-IT Pico Green dsDNA Assay Kit was then used to quantify the library utilizing the Promega Quanti Fluor fluorescence quantitative system. Mi Seq Reagent Kit V3 was used to sequence the qualified library, requiring 600 cycles.

High-throughput sequencing data was preliminarily screened for quality, retested, and regrouped into libraries and samples. Quality control, denoising, ligation, and chimera removal were performed using the QIIME2 dada2 analysis process to obtain ASVs. The QIIME2 classified-sklearn algorithm and Naive Bayes classifier were used to annotate taxonomic levels of species, the indexes of species richness, diversity, and evenness (chao1, goods coverage, observed species, Shannon, Simpson), and calculate distance matrices. Using unsupervised and supervised methods, the PCoA analysis method was used to measure β diversity and species taxonomic composition in experimental groups. Attempts were made to identify marker species and measure differences in abundance composition among experimental groups.



Statistical analysis

ANOVA was utilized to analyze growth performance, digestibility, metabolism, and rumen fermentation parameters data using SPSS (2019) statistical software. Duncan’s multiple comparison tests were utilized to investigate noteworthy variations among the group data. Disparities were evaluated statistically at (p ≤ 0.05).




Results


Growth performance and digestibility

The effects of dietary Salicornia europaea L. extract on final body weight (FBW), body weight gain (BWG), feed intake (FI), and feed gain ratio (FGR) are presented in Table 2. The initial body weights of (3.5-month-old sheep) did not significantly differ among the treatment groups (average, 32.5 ± 2.8 kg), demonstrating that the animals were divided into the experimental groups in a fully random manner.



TABLE 2 Effects of Salicornia europaea L. extract on the growth performance of sheep.
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The findings of the ANOVA revealed that there were no significant variations between the experimental groups’ FBW and BWG treatments, but there were substantial differences (p ≤ 0.05) between the experimental groups’ FI and FGR treatments. This suggests that applying different dosages of Salicornia europaea substantially enhanced the FI and FGR of sheep when compared with the control group. Furthermore, when compared to the other treatments, animals fed a diet that included 0.4% Salicornia europaea displayed better values of FI and FGR.

Table 3 shows the impact of nutritional supplements Salicornia europaea L. extract on DM, OM, CP, ADF, and NDF. Analysis of variance detected significant differences among treatments in the apparent digestibility of DM, OM, CP, ADF, and NDF. Sheep fed Salicornia europaea at 0.2, 0.4, and 0.6% diet levels had significantly higher levels than those in control.



TABLE 3 Effects of Salicornia europaea L. extract on apparent digestibility of nutrients in sheep feed.
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Rumen fermentation

Findings for Salicornia europaea L. extract used in meals were displayed in Table 4, along with its impact on pH, NH3-N, volatile fatty acids (VFA), butyrate, valerate, iso-valerate, and acetate/propionate.



TABLE 4 Effects of Salicornia europaea L. extract on rumen fermentation parameters of sheep.
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The results of the ANOVA showed that the ruminal pH and NH3-N concentration in fattening sheep had no significant variations in the experimental groups. The molar percentages of several of the individual volatile fatty acids, like propionate, acetate, butyrate, valerate, iso-valerate, and acetate/propionate, were also unaffected by the Salicornia europaea L. extract. The percentage of iso-butyrate in the 0.6% and control groups was substantially greater (p ≤ 0.05). As the amount of Salicornia europaea L. extract was added, the total volatile fatty acids in each group were gradually reduced.



A synopsis of the sequencing information

Utilizing rumen digesta and fecal content samples, we performed 16S RNA gene sequencing to investigate the regulatory impact of Salicornia europaea L. extract on the sheep rumen microbiota. The rumen microbial alpha diversity indexes, such as Chao1, Goods coverage, observed species, Shannon, and Simpson, did not differ substantially, as Table 5 illustrates.



TABLE 5 Effects of Salicornia europaea L. extract on the α diversity of gastrointestinal bacteria communities in sheep.
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The intestinal bacterial α-diversity indices, such as the Chao1, Goods coverage, and observed species (p ≤ 0.05), may be impacted by the Salicornia europaea L. extract. Compared to the 0% groups, the Chao1, and observed species were reduced (p ≤ 0.05) in the 0.6% group. Also, in the control groups, the Goods coverage increased (p ≤ 0.05) in the 0.6% group.



Analysis of discrepancies

Principal coordinate analysis (PCoA) can show disparities between individuals or groups. The first principal component, or PCo1, represented 10.7% of the variance of the separated samples. The second principal component, or PCo2, represents the separated sample’s 8% variance. Figure 1A shows that the 0.6% group’s aggregation degree is higher than the control groups, suggesting that including 0.6% Salicornia europaea L. extract in the diet can increase the group’s microbial flora composition similarity. The 0.6% group and the control group were greatly separated, suggesting that the microbial flora in the rumen fluid had a very different structure.
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FIGURE 1
 Changes in prokaryotic community composition visualized as a principal coordinate analysis (PCoA) using Bray–Curtis dissimilarity metrics. The percentage of variation explained is indicated on the respective axes and ellipses to illustrate the 95% confidence intervals.


The PCoA of Figure 1B shows how the intestinal microflora varies amongst individuals or groups. The first principal component, or PCo1, accounted for 10.6% of the variation in the divided samples. With PCo2 accounting for 9.1% of the variance of the separated samples, it is the second principal component. The 0.4% group’s aggregation degree was higher than that of the control group, suggesting that including 0.4% Salicornia europaea L. extract in the diet may have increased the group’s flora composition similarity. The 0.6% group and the 0.2% control group were separated by a considerable amount, suggesting that the intestinal microflora’s structure was significantly different.

Figure 2A depicts the proportional distribution of rumen flora in the various treatment groups. Of these, 95.79% or more were accounted for by Bacteroidetes (58.86% ~ 67.34%), Firmicutes (27.86% ~ 49.45%), Spirochaetes (0.69% ~ 2.54%), and Proteobacteria (0.40% ~ 2.53%), which was the predominant phylum in sheep rumen.
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FIGURE 2
 Gastrointestinal microorganisms of relative abundance at the phylum and genus level.


Figure 2B illustrates the corresponding proportions of rumen bacteria in the various treatment groups. Prevotella, Ruminococcus, Treponema, Succihiclasticum, and Butyrivibrio were the most common genera in sheep rumen, accounting for 39.91% or more of the total relative abundance of the bacterial phylum. A difference of statistical significance was observed at p < 0.05 in the Treponema levels between the 0.2% and control groups.

Figure 2C displays the relative abundance of intestinal microbial phylum levels in each treatment group. Of them, the following are Spirochaetes (0.56% ~ 1.65%), Bacteroidetes (31.92% ~ 48.20%), and Firmicutes (49.81% ~ 64.54%). The two phyla that dominated sheep rumen, Firmicutes, and Bacteroidetes, accounted for 96.46% and more of the phylum’s total relative abundance. Furthermore, in the 0, 0.2, 0.4, and 0.6% groups, the percentages of Firmicutes and Bacteroidetes were 96.46, 98.01, 96.46, and 96.77%, respectively. The amount of Salicornia europaea L. extract added increased along with the number of Firmicutes and Bacteroidetes in the sheep’s posterior digestive tract.

Figure 2D displays the proportional distribution of the intestinal microbial flora in the various treatment groups. The predominant genera in the sheep intestine, 5-7 N15, CF231, Ruminococcus, and Oscillospira, accounted for 12.16% or more of the total relative abundance of bacterial phyla.



Phylogenetic investigation of communities

In the study, Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2) software was used to predict the KEGG (Kyoto Encyclopedia of Genes and Genomes) pathway that may exist in the sequencing results of sheep rumen fluid samples. As can be seen in Figure 3, the microbial functional gene KEGG enrichment pathway framework diagram is primarily concerned with the metabolism of amino acids, carbohydrates, cofactors, vitamins, glycans, nucleotides, lipids, and other substances. Metagenome Sequencing analysis and comparison, based on the outcomes of PICRUSt2 functional secondary classification, revealed the absence of any significant up-regulated or down-regulated metabolic pathways. The experimental group exhibited higher levels of terpenoids and polyketide metabolism, as well as biodegradation and xenobiotic metabolism (Figure 3), compared to the control group. This difference could potentially be attributed to the coexistence of multiple microbial functions.
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FIGURE 3
 KEGG metabolic pathway prediction frame line diagram.


The KEGG enrichment pathway block diagram of microbial functional genes, as shown in Figure 3, is primarily associated with amino acids metabolism, carbohydrates, cofactors, and vitamins, as well as the biosynthesis and metabolism of glycans, nucleotide metabolism, lipid metabolism, the immune system, and the digestive system. The cofactor abundance, vitamin metabolism, glycan biosynthesis, nucleotide metabolism, and digestive system metabolism were higher in the 0.6% group than in the control group. The metagenome Seq method was utilized to analyze and compare the outcomes based on the PICRUSt2 functional secondary classification results. The metabolic pathway was found to be primarily contributed by Clostridium, with the PWY-6876 (isopropanol biosynthesis) pathway being the most significantly down-regulated (p ≤ 0.001) (Figure 4). It might be because Salicornia europaea extract affects Clostridium in a particular way.
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FIGURE 4
 Analysis of intergroup differences in metabolic pathways.





Discussion

Our results showed no significant differences between experimental groups in FBW and BWG, but significant differences in FI and FGR between treatments. Different Salicornia europaea dosages enhanced sheep’s FI and FGR, with a 0.4% diet showing better results. According to Sadeghi et al. (2020), substituting Halocnemum and Suaeda for wheat straw and alfalfa hay in high-concentrate diets can maintain fattening performance and decrease the fat deposited on lamb carcasses. Also, Holguin Peña et al. (2020) believe Salicornia hay-based forage can be utilized as a forage component but is not necessary for the Creole goat’s diet because it promotes the growth and milk production of the goat offspring. Likewise, Marwan et al. (2018), producing halophyte feed (kochia) with saline water may be a way to make up for the lack of feed supplies, reduce feed costs, and boost the profitability of raising rabbits.

According to Jiao et al. (2019), using Salicornia herbacea (5 cc/L, 10 cc/L) improved the broiler’s BWG and FCR and changed the carcass quality by lowering the level of abdominal fat. This suggests that broiler supplementation with 5 cc/L of Salicornia herbacea might be adequate to attain the best possible response in terms of meat quality and growth efficiency. Al-Batshan et al. (2008) noted that Salicornia bigelovii was useful in lowering FI, and consequently BWG and FBW in broilers. According to research by Mohammadi et al. (2015), laying hens given 1 cc and 5 cc of Salicornia herbacea extracts per liter of drinking water produced more eggs and broke them less frequently, with no apparent distinctions between the two treatments. Conversely, Sarker et al. (2010) found that supplementing broiler chicks’ feed with a Salicornia herbacea diet (0.5, 1.0%) had no substantial impact on their BWG, FCR, or FI. According to Kim et al. (2006), giving rats regular diets supplemented with 2% enzyme-treated Salicornia herbacea extracts did not significantly alter the rats’ BWG, FI, or food effectiveness ratios. Since NaCl is the primary component of salicornia, reducing FI is necessary because high sodium levels in the diet increase water intake and the flow of undigested digest in the rumen, which enhances protein digestion, lowers fiber fermentation, and lowers FI.

Our results reveal significant differences in digestibility of DM, OM, CP, ADF, and NDF among treatments, with sheep fed Salicornia europaea at varying levels showing higher levels. According to Taghipour et al. (2021), adding Salicornia bigelovii forage up to 30% of it instead of alfalfa hay to a sheep’s maintenance diet enhanced the blood’s total antioxidant activity and reduced in vitro ruminal production of methane without hurting the nutrient digestion of the animal in vivo. Additionally, the animals’ salt intake was lower (60.4 g/kg of diet DM) than the permissible level (70 to 100 g/kg of DM), according to the NRC (2005), which may have hurt feed intake. However, as the amount of salt (ash) consumed increased, the addition of Salicornia bigelovii forage substantially reduced daily OM intake (OMI) (Kraidees et al., 1998). Consequently, if the results are to be utilized in comparing halophytes (like Salicornia) to other forages, an adjustment for the amount of ash in Salicornia bigelovii forage must be made after calculating the insoluble ash to determine nutrient digestibility (Masters et al., 2001). According to El Shaer (2010), the median CP of the Salicornia species is 130 g/kg DM. Furthermore, Bañuelos et al. (2018) stated Salicornia has a low lignin content of 19.6 g/kg on a DM basis. Seven distinct halophyte plants were examined by Akinshina (2014), who found that the ash content ranged from 140 to 490 g/kg DM. Masters et al. (2007) indicated that increased osmotic pressure in the digestive tract due to greater ash (including salt) in Salicornia bigelovii forage meals may reduce the digestibility of nutrients and digestible organic matter in the diet by shortening the ruminal nutrients retention time and the activity of bacteria. However, when fed a mixed diet with saltwort at a 20% inclusion level on a dry matter basis, no negative impact on feed intake was observed in native Japanese goats (Shimizu et al., 2001). In contrast, Mahmoud et al. (2016) discovered that dietary crude protein concentrations above 14.5% of dry salicornia biomass did not enhance performance or carcass quality fatness in young Majaheem male camels, nor was 14.5% crude protein enough for the animals’ nutrition efficiency and adiposity. For small ruminant production systems, the Salicornia europaea L. extract (0.4, 0.6% DM) treatment showed improved CP digestibility and is natural, sustainable, and safe.

According to our data, the ruminal pH and NH3-N levels were not substantially different between the trial groups, and the Salicornia europaea L. extract did not affect the molar ratios of volatile fatty acids other than iso-butyrate. A possible explanation for this decreasing NH3-N level as Salicornia europaea levels rise is a possible rise in microbial nitrogen synthesis or the increased uptake of NH3-N by the microbial biomass. Our results agree with Taghipour et al. (2021), who reported that the addition of Salicornia bigelovii forage did not affect the ruminal pH, levels of volatile fatty acids, or the ratio of acetate to propionate in vivo. Also, Degen and Squires (2015) stated that dietary inclusion reduces total protozoa and Entodiniinae numbers, indicating that Salicornia bigelovii forage diets and salt load may impact rumen microbiota. According to Belanche et al. (2016), the abundance of anti-protozoal compounds (tannins) may have contributed to the decrease in ruminal protozoal groups in Salicornia bigelovii forage-fed sheep. According to Abouheif et al. (2000), Salicornia biomass in the diets of Najdi rams changed patterns of fermentation and digestion, possibly increasing the amount of undegraded nutrients. On the other hand, the availability of freshwater had no detrimental effects on nitrogen retention or nutritional value. Also, Nasrabadi et al. (2022) found that replacing alfalfa hay with Salicornia forages in shallow male sheep diets increased antioxidant capacity, without affecting nutrient digestibility or methane production.

Our findings showed that Salicornia europaea L. extract could influence intestinal bacterial α-diversity indices by enhancing Goods coverage in the control group and decreasing Chao1 and Observed species in the 0.6% group. According to Cui et al. (2019), the sheep-fed oats had higher Goods-coverage, Shannon-Wiener index, Simpson index, ACE, and Chao 1 index than the sheep-fed native pasture. These variations were all substantially greater (p < 0.05). There was no statistically significant variance in the goods coverage of OTUs between the two groups (p > 0.05). Additionally, it is widely recognized that the rumen microbiota’s composition varies depending on the stage of growth. The rumen microbiota of yak from birth to 12 years of age demonstrated changes associated with age and maturation (Han et al., 2015). However, research by Wang et al. (2018) on goats revealed that age and different nutrients had a major impact on the rumen microbial diversity.

The taxa affected by dietary changes exhibit a significant change at the genus level. According to our findings, the most prevalent genera in sheep rumen were variations of the genus Prevotella, Ruminococcus, Treponema, Succihiclasticum, and Butyrivibrio. There was a statistically significant difference between the 0.2% and control groups (p < 0.05) in the Treponema levels. Our findings, however, are not consistent with earlier studies (Cui et al., 2019; Wang et al., 2019) that indicated Prevotella to be the most abundant genus. Also, Domínguez et al. (2022) found that the genus Ruminococcaceae, which is associated with the degradation of cellulose, had the highest dominance across all samples. Christensenellaceae, Rikenellaceae, and Prevotellaceae were the following most prevalent genera. In contrast to adult goats fed Salicornia, Campylobacter surprisingly predominates.

After examining the rumen bacterial community of Tibetan sheep in the Qinghai Tibetan Plateau, Cui et al. (2019) found that the two most prevalent phyla, accounting for 53.72 and 43.64% of the overall bacterial abundance, were Bacteroidetes and Firmicutes. It is in line with numerous earlier herbivore studies (Hook et al., 2011). The metabolism of fiber, protein, and carbohydrates is intimately linked to the activities of Firmicutes and Bacteroidetes (Huo et al., 2014). The primary components of crop straw are cellulose, hemicellulose, and lignin. In contrast, the Firmicutes contained many bacteria that break down fiber, including Butyrivibrio, Ruminococcus, Pseudobutyrivibrio, Oscillibacter, and Eubacterium. This helps to explain why the Firmicutes completely dominate the rumen microflora of ruminants (Hook et al., 2011).



Conclusion

The study investigated suggests adding the effect of Salicornia europaea L. extract to the bacterial population in the sheep’s gastrointestinal tract, rumen fermentation parameters, growth performance, and nutrient digestibility. When provided at 0.4% DM, we discovered that dietary Salicornia europaea L. extract reduced feed to feed-to-gain ratio but did not affect growth performance. The 0.4 and 0.6% treatments demonstrated increased CP digestibility. Salicornia europaea L. extract is safe, natural, and sustainable for small ruminant production systems because it increases acetic acid in rumen fluid, reduces propionic acid, and decreases total volatile fatty acids.
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The establishment of the rumen microbiota plays an important role in the rumen development. However, little is known about the effects of alfalfa supplementation time on rumen microbiota establishment. Here, a total of 42 Hu lambs, seven-day-old, were chosen for the study. After a week of adjustment, six lambs were sacrificed to establish a baseline. The remaining 36 lambs were randomly split into two groups: one receiving alfalfa hay at 14 days (EAF), the other at 42 days (LAF), both groups received milk replacer and starter pellets. Introducing alfalfa at 14 days of age significantly improved total dry matter intake between 28 and 42 days (p = 0.04) and average daily gain from both 14 to 28 days (p = 0.04) and 28 to 42 days (p < 0.01), but this effect disappears from 56 to 70 days (p > 0.05). At 42 days, the abundances of Naganishia, Ascochyta, and Neosetophoma in the EAF group were significantly higher (p < 0.05) than those in the LAF group (17.8% vs. 3.97, 10.89% vs. 1.77, and 1.27% vs. 0.09%, respectively). At 56 days, the abundances of Ascochyta, Wallemia, and Aspergillus in the EAF group were significantly lower (p < 0.05) than in the LAF group (3.53% vs. 16.40, 8.78% vs. 18.89, and 2.14% vs. 4.69%). At 70 days, Aspergillus abundance in the EAF group was significantly higher (p < 0.05) than in the LAF group (2.69% vs. 0.85%). The LEfSe analysis showed that Methanobrevibacter_smithii was the archaeal biomarker at 14 days in both groups. Methanobrevibacter_sp_AbM4 was enriched at 56 days in the LAF group. Compared to the LAF group, the specific fungal biomarkers in the EAF group included Sporobolomyces and Bullera at 14 days, Naganishia, Didymella, Cleistothelebolus, and Alloleptosphaeria at 42 days, Ascochyta, Neoascochyta, and Alfaria at 70 days. Correlation analysis results showed strong patterns of association both within and between archaea and fungi, which were influenced by alfalfa supplementation time. In summary, alfalfa supplementation at 14 days of age promotes the growth performance of lambs before weaning, and alfalfa supplementation timing significantly affects rumen archaeal and fungal communities and dynamical changes.
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Introduction

For ruminants, the rumen harbors a complex and diverse microbiota, including bacteria, archaea, fungi, and protozoa (Huws et al., 2018). These microorganisms are critical to feed degradation and provide volatile fatty acids, protein, minerals, and vitamins to the host. However, young ruminants have an immature rumen at 2 weeks of life and cannot utilize forages (Xiao et al., 2023). Previous studies have reported that the rumen development process includes the non-rumination phase (from birth to week 3), the transition phase (from week 3 to 8), and the rumination phase (from week 8 onwards) (Jiao et al., 2015; Yáñez-Ruiz et al., 2015). In the non-rumination phase, the diet of newborn ruminants is dominated by milk, which bypasses the rumen and enters directly into the abomasum. Consequently, the effects of milk on rumen microbiome and fermentation function are very limited. During the transition phase (from week 3 to 8), solid feed gradually increases, resulting in increased rumen anatomic development (rumen mass and papillae), functional achievement (fermentation capacity and enzyme activity), and microbial establishment (bacteria, archaea, fungi, and protozoa) (Jiao et al., 2015). These events promote a key process of transition from a functional non-ruminant to a true ruminant that relies on rapidly establishing the rumen microbiota (Dias et al., 2017). Compared with adult ruminants, the early colonization phases of the rumen microbiota are dynamic and more malleable to be influenced by nutritional manipulations in young ruminants (Li et al., 2023a). In neonatal calves, the ruminal bacteria primarily come from their dams, including the maternal milk, saliva, vaginal, and external environments (Yeoman et al., 2018). The Proteobacteria and Firmicutes were the dominant phylum in the neonatal ruminants (Rey et al., 2014; Li et al., 2019a). With the intake of milk gradually increased, Proteobacteria was replaced by Bacteroidetes as the dominant phylum (Rey et al., 2014). Moreover, some other genera that are commonly found in the mature rumen were already established in the rumen, such as Prevotella and Ruminococcus (Dias et al., 2017; Zhang et al., 2019). As the intake of solid feed increased, Bacteroidetes and Firmicutes became the dominant phylum. At the genus level, some rumen bacteria that can degrade carbohydrates and fiber gradually increase and maintain relatively stable abundances in the rumen, such as Prevotella, Ruminococcus, and Treponema (Rey et al., 2014; Li et al., 2019a; Yin et al., 2021).

In addition to bacteria, methanogenic archaea were found in the rumen shortly after birth (Guzman et al., 2015). Methanogens can use H2 to synthesize methane, which is a greenhouse gas that contributes to global warming, and a relevant source of diet energy loss for the host (Knapp et al., 2014). Lyons et al. (2017) found that the short-term addition of linseed oil to lambs’ diets had lasting effects on the rumen microbiome. Given that manipulation of the rumen microbiome in early life may be the best window, identifying factors that affect methanogenic archaea colonization may guide the development of methane mitigation strategies with long-term implications.

Anaerobic rumen fungi are known to play a key role in the degradation of feed fibers due to the production of various biomass-degrading enzymes and the ability of their rhizomorphs to penetrate fiber structural barriers (Huws et al., 2018). Besides, anaerobic fungi are closely related to methanogens, as anaerobic fungi release H2 during the process of fermenting carbohydrates, promoting the methanogenic archaea community (Jin et al., 2014). Thus, the method of co-culture of methanogenic archaea and fungi may provide a viable method for the culture and investigation of as-yet unidentified methanogenic archaea. The rumen fungal community varied considerably in lambs during the pre-weaning period, indicating that the fungal community may be affected by the age of the lambs (Zhang et al., 2019). The age-related genera contained Acremonium, Microascus, Valsonectria, Myrmecridium, and so on (Yin et al., 2022). However, the factors affecting the colonization and activity of ruminal fungi in the pre-weaning lambs’ rumen remain unclear.

A clear understanding of the factors that influence the establishment of the rumen microbiome in early life is crucial for enhancing animal performance (Li et al., 2023a). At present, there are relatively many studies on the process of early rumen bacterial colonization and its influencing factors (Lyons et al., 2017; Yang et al., 2018; Li et al., 2023a). However, there have been only very limited investigations of the rumen archaeal and fungal community dynamics in lambs, particularly their community changes in response to alfalfa hay supplementation time in pre-weaning lambs. Therefore, we hypothesized that starting alfalfa supplementation at either 14 or 42 d of age can affect the composition of the rumen microbiota community and that the rumen microbial community changes with age in response to the alfalfa supplementation time, leading to improved growth performance. The objective of this study is to investigate the effects of alfalfa hay supplementation at 14 d or 42 d of age on the growth performance and the composition and dynamic changes of rumen archaeal and fungal communities in pre-weaning lambs.



Materials and methods


Animals, diets, and experimental design

This study was performed at the Inner Mongolia Jinlai Animal Husbandry Technology Co., LTD (Hohhot, China) from October to December 2022. The experiment and animal procedures were done according to the ‘Laboratory Animal Guideline for Ethical Review of Animal Welfare’ National Standard of the People’s Republic of China (GB/T35892-2018).

This experiment adopted a completely randomized design. A total of 42 male Hu lambs (3.88 ± 0.92 kg) were selected at 7 d of age. After 7 d of adaptation to the environment and milk replacer (MR), six lambs were selected and slaughtered at 14 d of age as a control group (CON). The remaining 36 lambs were fed MR, starter concentrate, and randomly assigned into 2 treatments according to body weight, including alfalfa hay was supplemented at 14 d of age as early alfalfa feeding group (EAF, n = 18); alfalfa hay was supplemented at 42 d of age as late alfalfa feeding group (LAF, n = 18) (Figure 1). There were 6 replicates per treatment and 3 lambs per replicate, each pen houses three lambs. Three buckets were placed inside the hutch, each holding starter concentrate, alfalfa hay, and water, respectively. During the period from 14 to 70 days of age, the feeding amounts of starter pellets and alfalfa hay were recorded daily, while the leftover feed was also collected. The leftover feed was weighed every two weeks. Subsequently, based on the recorded feeding amounts and leftover feed, the intake of starter pellets and alfalfa hay was calculated every two weeks. The body weight (BW) of each lamb was measured on every two weeks basis before the morning feeding during the trial period. The total dry matter intake (total DMI) and average daily gain (ADG) were calculated accordingly. Representative samples of MR, starter pellets, and alfalfa hay were collected and dried at 60°C for 72 h and ground in a roller mill to pass through a 1.0 mm sieve. Then, their chemical compositions, including dry matter (DM, method 930.15), crude protein (CP, method 984.13), ether extract (EE, method 920.39), crude ash (Ash, method 924.05), calcium (method 927.02), and phosphorus (method 984.27) were analyzed following the Association of Official Analytical Chemists (AOAC, 2007) methods. Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were analyzed using the ANKOM fiber analysis equipment (A2000i; ANKOM Technology Corp., Fairport, NY, USA), as described by Van Soest et al. (1991). The ingredients and nutrient composition of the MR, starter pellets, and alfalfa hay are provided in Supplementary Table S1. Alfalfa hay was cut into 2.2 cm using a chaff cutter (9Z-4C, Sida, Luoyang, China). All lambs had free access to concentrate, alfalfa hay, and water. To avoid wasting starter concentrate and alfalfa while the lambs were being fed, we fed less and more frequently.
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FIGURE 1
 Experimental design and sampling schedule.


All lambs were offered MR from 7 to 70 d of age. MR was offered 720 mL/d (based on consumption during the adaptation period) at 15 d of age, then reduced at a rate of 40 mL/d until 200 mL/d. Lambs were offered MR four times a day at 08:00, 12:00, 16:00, and 20:00 h from 7 to 28 d of age, and three times a day at 08:00, 12:00, and 1,800 h from 29 to 70 d of age. The ratio of MR to water was 1:7 (weight(g)/volume (mL)).

Six animals in each treatment (one lamb from each pen) were slaughtered randomly 3 h after the morning feeding at 42, 56, and 70 d of age. The rumen content was collected in triplicates, snap-frozen in liquid nitrogen, and then stored at −80°C for analysis of ruminal microbiota. The slaughterhouse is located in Tumet Left Banner, Hohhot, Inner Mongolia Autonomous Region, China. During transportation, we adhere to the ‘Laboratory Animal Guideline for Ethical Review of Animal Welfare’ National Standard of the People’s Republic of China (GB/T 35892-2018) and strive to minimize transportation time and distance to reduce the stress response of the animals. Additionally, we have professional transportation personnel responsible for supervising the animals to ensure their safety during transportation.



Bioinformatics and data analysis

Microbial DNA was extracted from the rumen content using the E.Z.N.A. Stool DNA Kit (Omega Biotek, Norcross, GA, United States) following the manufacturer’s instructions. The quality and concentration of the rumen microbial DNA were determined using 1% agarose gel electrophoresis and NanoDrop 2000 Spectrophotometer (Thermo Fisher Scientific Inc., USA). The V4 region of the archaeal 16S rRNA and the fungal internal transcribed spacer (ITS1) were amplified by PCR. The archaeal primers used in the current study were Arch519F: 5’-CAGCCGCCGCGGTAA-3′ and Arch915R: 5’-GTGCTCCCCCGCCAATTCCT-3′. The fungal primers used in the current study were ITS1-1F-F: 5′-CTTGGTCATTTAGAGGAAGTAA-3′ and ITS1-1F-R: 5′-GCTGCGTTCTTCATCGATGC-3′. All PCR reactions were carried out with 15 μL of Phusion® High-Fidelity PCR Master Mix (New England Biolabs); 0.2 μM of forward and reverse primers, and about 10 ng template DNA. The steps of archaeal 16S rRNA and fungal ITS1 genes sequence amplification are as follows: 98°C for 1 min, followed by 30 cycles at 98°C for 10 s, 50°C for 30 s, and elongation at 72°C for 30 s and 72°C for 5 min. The PCR products were detected using 2% agarose gel electrophoresis, and the target fragments were recovered after completion. After the constructed library was quantified by the Qubit and real-time PCR. Sequencing was performed using the Illumina NovaSeq 6,000 sequencing platform.

After original sequencing data was obtained, quality filtering on the raw tags was performed using the fastp (Version 0.23.1) software to obtain high-quality Clean Tags (Bokulich et al., 2012). The tags were compared with the reference database using the UCHIME Algorithm1 to detect chimera sequences, and then the chimera sequences were removed (Edgar et al., 2011). Then the effective tags were finally obtained. The effective tags use the DADA2 module in QIIME2 (Version Qiime2-202202) software to eliminate interference and obtain the final amplicon sequence variants. Species annotation was performed using QIIME2 (Version Qiime2-202202) software. For archaeal 16S rRNA, the annotation database is Silva_138.1 database, while for ITS, it is Unite v9.0 database. The absolute abundance of amplicon sequence variants was normalized using a standard sequence number corresponding to the sample with the least sequences. The QIIME2 software (v.1.8.0) was used for statistical analysis of alpha diversity, including Observed_OTUs, Chao 1, and Shannon indices. Wilcox rank sum test was performed to analyze whether a significant difference existed in alpha diversity. Beta diversity on both Bray Curtis and Unweighted Unifrac was calculated by QIIME software. Analysis of similarity (ANOSIM) was used to examine whether a significant difference existed in beta diversity. To investigate the rumen microbiota with significant differences between the EAF group and the LAF group, we used R (Version 3.5.3) software and applied the MetaStat method to test the species abundance data between groups to obtain p-values. The software of Linear discriminant analysis Effect Size (LEfSe) (Version 1.0) was used to investigate the effects of age on the dynamic changes of rumen microbiota. Microbial communities having linear discriminant analysis (LDA) score values greater than 3.5 are identified as specific microbiota unique to the treatment group, thereby distinguishing this treatment group from others The rumen archaeal sequencing data and fungal sequencing data of this study are available in the NCBI SRA database with the BioProject ID: PRJNA1067551 and ID: PRJNA1067533, respectively.

Spearman’s rank correlation was used to assess the relationship between the rumen archaea and fungi. Only the top 10 genera that were detected in at least 50% of all samples were included. The p-values were adjusted using the Benjamini-Hochberg method. The data were analyzed on the online tool of Majorbio Cloud Platform2 (Ren et al., 2022).



Statistical analysis

The significance of ADG, starter intake, alfalfa hay intake, and total DMI results are analyzed using the independent sample T-test in SPSS (version 26.0) software. The p-values less than 0.05 for rumen microbiota, ADG, starter intake, alfalfa hay intake, and total DMI between the EAF and LAF groups at different ages were considered as the criterion for statistical significance, while a trend was considered at p < 0.10.




Results


Performance

Animal growth performance and feed intake are presented in Figure 2. From 42 to 56 d of age, the intake of alfalfa hay in EAF lambs tended to be higher than that in LAF lambs (p = 0.07). The total DMI and ADG at 28 to 42 d of age in the EAF group were significantly higher (p < 0.05) than those in the LAF group. In addition, from 14 to 28 d of age, ADG in the EAF group was significantly higher than those in the LAF group (p = 0.04).
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FIGURE 2
 Effect of alfalfa hay supplementation time on performance and feed intake of lambs. The starter intake every two weeks (A), alfalfa hay intake every two weeks (B), total DMI (including starter feed and alfalfa hay) every two weeks (C), average daily gain every two weeks (D). Daggers (†) indicate trends (0.05 < P < 0.1) between groups, asterisks (*) indicate differences (p < 0.05) between groups, double asterisks (**) indicate differences (p < 0.01) between groups. EAF, lambs were fed alfalfa hay at 14 days of age as the early alfalfa feeding group; LAF, lambs were fed alfalfa hay at 42 days of age as the late alfalfa feeding group.




The composition of archaeal populations

In this study, after quality filtering, 3,691,359 (mean 87,890 ± SD 3,247 each sample) high-quality archaea sequences were obtained. The Good coverage was greater than 0.99, indicating that our data provide sufficient sequencing depth for the diversity of archaeal communities in all samples.

For archaeal alpha-diversity analysis, the Observed_OTUs (Figure 3A) and Chao 1 (Figure 3B) indices did not differ by treatment at 42, 56, and 70 d of age, respectively (p > 0.05). The Shannon index was higher in the EAF group than in the LAF group at 56 d of age (p < 0.05) (Figure 3C). In addition, in the EAF group, the Observed_OTUs (Figure 3D), Chao 1 (Figure 3E), and Shannon (Figure 3F) indices were not affected by age (p > 0.05). However, the Observed_OTUs (Figure 3G) and Chao 1 (Figure 3H) indices were higher in the CON group than in the LAF group at 42 d of age (p < 0.05). The Shannon index (Figure 3I) was higher in the CON group than the LAF group at 42 (p < 0.01), 56 (p < 0.01), and 70 (p < 0.05) d of age. Principal coordinate analysis (PCoA) was performed based on the Bray-Curtis dissimilarities metric (Figure 3J) in the archaeal community. Our beta-diversity analysis showed that Bray-Curtis dissimilarities in the archaeal community between the EAF and LAF groups at 42, 56, and 70 d of age were not significant (ANOSIM, R = 0.09, 0.20, −0.10; p = 0.09, 0.06, 0.99). For the age effect, the rumen archaea of lambs at 14 d of age were distinct compared to other ages based on Bray-Curtis distance (ANOSIM, R = 0.48, p = 0.01), whereas variations observed between 42 d vs. 56 d (ANOSIM, R = 0.005, p = 0.27), or 56 d vs. 70 d (ANOSIM, R = −0.01, p = 0.73) were not significant (Figure 3J).
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FIGURE 3
 The effect of alfalfa supplementation timing on alpha and beta diversity of rumen archaea in pre-weaning lambs. Observed_OTUs (A), Chao 1 (B), and Shannon (C) indices in the rumen archaea between the EAF and LAF groups at 42, 56, and 70 days of age. Alpha diversity of the rumen archaea was analyzed using the Wilcox rank sum test. The rumen archaea diversities of the EAF group at 14, 42, 56, and 70 d of age (D–F), and the alpha diversities of the LAF group at 14, 42, 56, and 70 days of age (G–I). *p < 0.05, **p < 0.01, ***p < 0.001. The principal coordinate analysis (PCoA) was performed based on the Bray-Curtis dissimilarities metric (J). EAF, lambs were fed alfalfa hay at 14 days of age as the early alfalfa feeding group; LAF, lambs were fed alfalfa hay at 42 days of age as the late alfalfa feeding group; CON, lambs were slaughtered at 14 days of age.


The Euryarchaeota (98.97 ± 4.50%) was the dominant phyla of archaea, including the order Methanobacteriales (98.97 ± 4.50%) and Methanomassiliicoccales (0.73 ± 0.04%) as well as the genera Methanobrevibacter (95.97 ± 6.30%) and Methanosphaera (2.94 ± 0.05%) (Figure 4A). At the species level, Methanobrevibacter_sp_AbM4 (74.90 ± 29.30%) and Methanobrevibacter_smithii (3.57 ± 1.34%) dominated the archaeal community (Figure 4B).
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FIGURE 4
 The composition of the rumen archaea and fungi in response to alfalfa supplementation timing. The composition of rumen archaea at genus level (A) and species level (B). The composition of rumen fungi at phylum level (C) and genus level (D). EAF, lambs were fed alfalfa hay at 14 days of age as the early alfalfa feeding group; LAF, lambs were fed alfalfa hay at 42 days of age as the late alfalfa feeding group; CON, lambs were slaughtered at 14 days of age.


A two-way comparison was performed to calculate the differences in archaeal community composition. At 42 and 56 d of age, the abundance of Methanosphaera tended to be higher (p = 0.05) in the EAF group than in the LAF group (Table 1). However, the abundance of Methanobrevibacter was not affected by the treatment at 42 (p = 0.09), 56 (p = 0.09), and 70 (p = 0.31) d of age. Methanogens with LDA scores exceeding 3.5 were deemed to be characteristic of this particular age group, distinguishing it from other ages. In the EAF group, the species Methanobrevibacter_smithii was the rumen archaeal biomarkers at 14 d of age (CON group) (Figure 5A). In the LAF group, LEfSe analysis showed that the species Methanobrevibacter_smithii was enriched at 14 d of age, and Methanobrevibacter_sp_AbM4 was enriched at 56 d of age (Figure 5B).



TABLE 1 Differences in the composition of rumen archaea and fungi among different groups (relative abundance above 1.0%).
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FIGURE 5
 The rumen archaeal biomarker (species level) was identified by LEfSe analysis (LDA Score > 3.5) for each age in the EAF group (A) and the LAF group (B). EAF, lambs were fed alfalfa hay at 14 days of age as the early alfalfa feeding group; LAF, lambs were fed alfalfa hay at 42 days of age as the late alfalfa feeding group; CON, lambs were slaughtered at 14 days of age.




The composition of fungal populations

In this study, after quality filtering, 3,808,742 (90,684 ± 19,486) high-quality fungi sequences were obtained. The Good coverage was greater than 0.99, indicating that our data provide sufficient sequencing depth for the diversity of fungal communities in all samples.

For the treatment effect, there was no significant difference in Observed_OTUs (Figure 6A), Chao 1 (Figure 6B), and Shannon (Figure 6C) indices between the EAF and LAF groups at 56 and 70 d of age. However, the Observed_OTUs (p < 0.05) (Figure 6A) and Chao 1 (p < 0.05) (Figure 6B) indices were higher in the LAF group than the EAF group at 42 d of age. For the age effect, the Shannon index was lower at 70 d of age than at 14 (p < 0.05) and 42 d (p < 0.01) of age (Figure 6F) in the EAF group. In the LAF group, the Observed_OTUs (Figure 6G) and Chao 1 indices (Figure 6H) were higher at 42 d of age compared to other time points (p < 0.05). The Shannon index was higher at 42 d than at 56 (p < 0.05) and 70 d (p < 0.05) of age (Figure 6I). In addition, PCoA analysis was performed based on the Bray-Curtis dissimilarities metric (Figure 6J) in the fungal community. The dissimilarities in the fungal communities between the EAF and LAF groups at 42, 56, and 70 d of age were not significant (ANOSIM, R = 0.07, 0.10, −0.11; p = 0.07, 0.06, 0.97). However, for the age effect, the dissimilarities in the fungal communities were evident between 42 d and 56 d (ANOSIM, R = 0.09, p = 0.02) or 56 d and 70 d (ANOSIM, R = 0.12, p = 0.01).
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FIGURE 6
 The effect of alfalfa supplementation timing on alpha and beta diversity of rumen fungi in pre-weaning lambs. Observed_OTUs (A), Chao 1 (B), and Shannon (C) indices in the rumen fungi between the EAF and LAF groups at 42, 56, and 70 days of age. Alpha diversity of the rumen fungi was analyzed using the Wilcox rank sum test. The rumen fungi diversities of the EAF group at 14, 42, 56, and 70 days of age (D–F), and the alpha diversities of the LAF group at 14, 42, 56, and 70 days of age (G–I). *p < 0.05, **p < 0.01, ***p < 0.001. The principal coordinate analysis (PCoA) was performed based on the Bray-Curtis dissimilarities metric (J). EAF, lambs were fed alfalfa hay at 14 days of age as the early alfalfa feeding group; LAF, lambs were fed alfalfa hay at 42 days of age as the late alfalfa feeding group; CON, lambs were slaughtered at 14 days of age.


A total of 15 phyla were detected in all samples, among which Ascomycota and Basidiomycota were the most dominant phyla, accounting for over 68.13% of all reads (Figure 4C). At the genus level, a total of 532 distinct fungal genera were detected in all samples. The predominant fungal taxa in the collected samples included Ascochyta, Naganishia, Wallemia, Alternaria, and Didymella, accounting for over 33.89% of all reads (Figure 4D). To further understand how alfalfa supplementation timing affects the fungal community in pre-weaning lambs, we used MetaStat analysis to analyze the differences in the composition of rumen fungi between the EAF and LAF groups at 42, 56, and 70 d of age (Table 1). The abundance of Naganishia (p < 0.01), Ascochyta (p = 0.01), Neosetophoma (p = 0.01), Kernia (p = 0.01), and Stagonosporopsis (p = 0.02) were higher in the EAF than the LAF group at 42 d of age. However, the abundance of Ascochyta (p < 0.01), Wallemia (p = 0.03), Aspergillus (p = 0.04), and Stagonosporopsis (p = 0.01) were lower in the EAF than in the LAF group at 56 d of age. In addition, the abundance of Aspergillus was higher in the EAF group than LAF group at 70 d of age (p = 0.04). To further study the phylogenetic relationships of species at the genus level, the representative sequences of the top 50 genera were obtained by multi-sequence alignment, and the evolutionary tree of species at the genus level was drawn (Supplementary Figure S1). Thereinto, the genera Ascochyta, Neosetophoma, Kernia, and Stagonosporopsis belonged to phylum Ascomycota. The genera Naganishia and Wallemia belonged to the phylum Basidiomycota.

For the age effect, we used LEfSe analyses to analyze the fungal biomarkers for both EAF (Figure 7A) and LAF (Figure 7B) groups changed with ages from 14 to 70 d of age. In the EAF group, Ascochyta, Neosetophoma, Stagonosporopsis, Neoascochyta, and Alfaria were higher at 70 d of age; Wallemia and Symmetrospora were enriched at 56 d of age; Naganishia, Didymella, Cleistothelebolus, and Alloleptosphaeria were abundant at 42 d of age; Sporobolomyces, Fungi_gen_Incertae_sedis, and Bullera were enriched at 14 d of age. In the LAF group, Naganishia, Didymella, Stagonosporopsis, and Neosetophoma were higher at 70 d of age; Wallemia, Ascochyta, Symmetrospora, Cystobasidium, and Bisifusarium were enriched at 56 d of age; Paraphoma and Komagataella were abundant at 42 d of age; Aureobasidium, Malassezia, and Fungi_gen_Incertae_sedis were enriched at 14 d of age.
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FIGURE 7
 The rumen fungal biomarker (genus level) was identified by LEfSe analysis (LDA Score > 3.5) for each age in the EAF group (A) and the LAF group (B). EAF, lambs were fed alfalfa hay at 14 days of age as the early alfalfa feeding group; LAF, lambs were fed alfalfa hay at 42 days of age as the late alfalfa feeding group; CON, lambs were slaughtered at 14 days of age.




Correlation analysis of archaea and fungi in rumen samples

The correlation between the archaea and fungi in the rumen sample was assessed using the Spearmen rank correlation in the EAF and LAF groups (Figure 8). In the EAF lambs, the main associations between archaeal taxa included a negative correlation between Methanobrevibacter and Methanosphaera (p < 0.01). Methanosphaera was positively associated with Naganishia (p = 0.01). For associations between fungi, Aspergillus was positively associated with Wallemina (p = 0.02) and Fusarium (p = 0.01). Ascochyta was positively associated with Naganishia (p < 0.01), Wallemina (p = 0.01), and Didymella (p < 0.01). Naganishia displayed a positive association with Wallemina (p < 0.01) and Didymella (p < 0.01). Wallemina displayed a positive association with Didymella (p < 0.01) and tended to have a positive association with Cladosporium (p = 0.05). In addition, Didymella had a positive association with Cladosporium (p = 0.02). In the LAF lambs, the inter-intra archaeal taxa correlations were similar to those in the EAF group. For associations between archaea and fungi, Methanosphaera was positively associated with Didymella (p = 0.03). For associations between fungi, Ascochyta was positively associated with Naganishia (p < 0.01), Wallemina (p < 0.01), Didymella (p < 0.01), and Cladosporium (p = 0.02). Naganishia was positively associated with Wallemina (p < 0.01), Didymella (p < 0.01), and Cladosporium (p = 0.01). Wallemina tended to have a positive association with Didymella (p = 0.05). Alternaria was positively associated with Cladosporium (p < 0.01). In addition, Didymella tended to have a positive association with Cladosporium (p = 0.05).
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FIGURE 8
 The correlation between archaeal (red) and fungal (black) taxa in the rumen samples of EAF (A) and LAF (B) groups. The correlation is shown by Spearman’s rank correlation, ranging from −1 to 1 and represented by color key red (perfect negative correlation) to blue (perfect positive correlation). The p-value is adjusted by the Benjamini-Hochberg method, and a p-value <0.05 indicates a significant correlation, with a trend considered at p < 0.10.





Discussion


Performance

Supplementing hay during lactation can increase the intake of solid feed and help ruminants smoothly transition from liquid feed to solid feed during lactation. Research on calves (Daneshvar et al., 2015; Hosseini et al., 2015) and lambs (Norouzian et al., 2011; Yang et al., 2015) has shown that supplementing alfalfa hay before weaning will not result in a decrease in starter feed intake and body weight around weaning. In this study, we found that the total DMI of EAF lambs was 28.72% higher than that of LAF lambs from 28 to 42 d of age. During the period from 42 to 56 d of age, the intake of alfalfa hay in EAF lambs was 24.63% higher than that in LAF lambs. In addition, from 14 to 28 d of age, EAF lambs exhibited a 40.22% higher ADG than LAF lambs, while from 28 to 42 d of age, the ADG of EAF lambs was 32.22% greater. These results indicate that compared with alfalfa hay supplementation at 42 d of age, supplementing alfalfa hay to lambs at 14 d of age can promote their alfalfa hay intake, total DMI, and ADG. Xiao et al. (2023) reported that compared with calves feeding on hay in the second week after birth, calves starting to eat hay in the first week after birth would affect the nutritional digestibility and digestible nutrient intake. Hosseini et al. (2015) studied the effect of alfalfa hay supplementation time on the growth performance of calves and found that feeding alfalfa hay at 2 weeks of age can increase the feed intake and ADG of weaned calves. These results all suggest that the optimal time for ruminants to be supplemented with alfalfa hay before weaning is at 2 weeks of age. Castells et al. (2013) reported that the inclusion of alfalfa hay in the starter diet increased the body weight of calves, which was related to the filling effect in the gut, as the calves consumed more alfalfa hay. In addition, the normal development of the rumen muscle layer and rumen motility require sufficient physical stimulation (Beharka et al., 1998). Thus, alfalfa hay provision to young calves increased the thickness of the rumen wall muscle layer (Norouzian and Valizadeh, 2014). The development of the rumen muscle layer is another factor that increases the rumen volume and plays a significant role in the increase of rumen weight. The increase in rumen volume and weight is beneficial for the rumen to accommodate more feed. These results may partly explain why early supplementation of alfalfa hay can increase the total DMI and ADG of lambs. However, there were no significant differences in alfalfa hay intake, total DMI, and ADG between the EAF and LAF groups from 56 to 70 d of age in our study. The lambs in the LAF group were fed only with starter concentrate before 42 d of age. The starter concentrate contained a large amount of easily fermented carbohydrates (especially starch), which fermented rapidly and produced a large amount of volatile fatty acids, resulting in a decrease in the pH of rumen fluid (Suárez et al., 2006) and even ruminal acidosis, which ultimately inhibited feeding (Imani et al., 2017). On the contrary, when the lambs in the LAF group began to consume alfalfa hay at 42 d of age, it was beneficial to maintain a suitable rumen environment, accordingly increasing the alfalfa hay intake, total DMI and ADG. Therefore, there were no significant differences in alfalfa intake, total DMI and ADG between the EAF group and the LAF group from 56 to 70 d of age. Furthermore, studies have found that, due to their small particle size and the absence of abrasive components, starter concentrates have a weak ability to remove the stratum corneum of the rumen epithelium (Greenwood et al., 1997; Beiranvand et al., 2014). Therefore, feeding only starter concentrate can easily cause excessive thickening of the stratum corneum of young ruminants and the formation of adherent plaques of chyme on the rumen epithelium (Norouzian et al., 2011; Yang et al., 2015). Excessive thickening of the stratum corneum can reduce the absorption of VFA and blood flow in the rumen epithelium, and cause papillae degeneration and shedding (Beharka et al., 1998). The formation of adherent plaques of chyme on the rumen epithelium causes the aggregation of rumen papillae, reducing the absorption area of the rumen, which is not conducive to rumen health (Suárez et al., 2007). On the contrary, after lambs in the LAF group began to consume alfalfa hay at 42 d of age, due to the large particle size and high fiber content of alfalfa hay, it has a high roughness. Its continuous contact with the rumen epithelium can remove keratin or dead epithelial cells, making the rumen epithelium have a suitable degree of keratinization and integrity. Similar to our research findings, Castells et al. (2015) reported that early supplementation of forage could increase the total DMI and ADG of calves before weaning. However, after the calves in the starter concentrate-only group were supplemented with forage for two weeks, the differences in total DMI and ADG between the different treatment groups disappeared. Unfortunately, the researchers did not explain the biological mechanism behind this disappearance of the effect.



Diversity of rumen archaea and fungi

The results of our study reveal the Observed_OTUs, Chao 1, and Shannon indices of archaea were higher at 14 d of age compared with 42, 56, and 70 d of age in the LAF group, with the main effect occurring at 42 d of age. At the same time, the PCoA analysis results showed that the structure of the rumen archaea at 14 d of age was distinct compared to the other ages, suggesting that the methanogens community changed significantly during the transition from a liquid to a solid diet. In addition, we found that the main methanogens (Methanobrevibacter_sp_AbM4 and Methanobrevibacter_smithii) commonly observed in the mature rumen are colonized in the rumen of lambs at 14 d of age. These results suggested that the rumen archaea community of lambs was established before solid feeding (Guzman et al., 2015; Dias et al., 2017). Therefore, we propose that the most sensitive time to manipulate rumen methanogens through early intervention may be before solid feeding. Likewise, Yin et al. (2021) suggested that the period from birth to 20 d of age provides a unique window for manipulating the ruminal microbiota in lambs.

In the present study, the genera Methanobrevibacter (95.97 ± 6.30%) and Methanosphaera (2.94 ± 0.05%) were the dominant archaea in the EAF and LAF groups at different days of age. This is consistent with a previous study conducted by Li et al. (2023b) and Kumar et al. (2015). The genus Methanobrevibacter belongs to the group of hydrogenotrophic methanogens that produce CH4 through CO2 reduction. Methanosphaera is known to produce CH4 by reducing methanol using H2 (Shi et al., 2014). Wallace et al. (2015) showed that the relative abundance of Methanosphaera was higher in beef cattle with higher CH4 emissions than in beef cattle with lower CH4 emissions. Another study showed that Methanosphaera and Methanomassiliicoccales may have a greater share in overall CH4 production compared with Methanobrevibacter than previously thought (Söllinger et al., 2018). In the current study, the abundance of Methanosphaera tended to be higher in the EAF group compared to the LAF group at 42 and 56 d of age. These results suggested that early alfalfa supplementation may have increased methane emissions due to the increased abundance of Methanosphaera. The increase of Methanosphaera abundance in the EAF group at 42 and 56 d of age may be related to the pectin contained in alfalfa, and the main degradation product of pectin is methanol. Methanosphaera can use methanol to produce methane (Tapio et al., 2017). Peng et al. (2021) reported that the methanol-utilizing archaea Methanosphaera stadtmanae was enriched on alfalfa, which has the highest pectin content of the four substrates (alfalfa stems, bagasse, reed canary grass, and xylan). This may explain the reason for the increase in Methanosphaera abundance in the EAF group. Since the lambs in the LAF group only began to be fed alfalfa at 42 d of age, no changes in the abundance of Methanosphaera were observed at 56 d of age. This may be due to the short period of alfalfa intake by the lambs in the LAF group. The fact that there was no significant difference in the abundance of Methanosphaera between the EAF and LAF groups at 70 d of age proved this point. However, no matter how the Methanosphaera changes at 42 and 56 d of age, there was no significant difference between EAF and LAF groups at 70 d of age, indicating the effect of the early addition of alfalfa on the methanogen composition of the rumen may not persist in the long term and that the characteristics of the feed may play a much larger role. In addition, we explored the archaeal biomarkers (at the species level) at d 14, 42, 56, and 70 d of age in the EAF and LAF groups using LEfSe analysis. In the EAF group, Methanobrevibacter_smithii was abundant at 14 d of age. Methanobrevibacter_smithii (the members of the genus Methanobrevibacter) is associated with high CH4 production. Thus, this result supports the suggestion that manipulation of rumen methanogens through early intervention may be before solid feeding. However, we did not detect biomarkers of methanogens in the EAF group at 42, 56, and 70 d of age. In the LAF group, Methanobrevibacter_smithii was also abundant at 14 d of age. Methanobrevibacter_sp_AbM4 was enriched at 56 d of age. No biomarkers have been identified for the archaea population at 42 and 70 d of age. Dong et al. (2019) reported that Methanobrevibacter sp. strain AbM4 was the most abundant in the rumen of the early-weaned calves, and the butyrate was positively related to Methanobrevibacter sp. strain AbM4. Moreover, Methanobrevibacter_sp_AbM4 produces CH4 from H2, CO2, and formate (Leahy et al., 2013). Feeding fat to beef cattle decreased the occurrence of Methanobrevibacter_sp_AbM4 (Zhou et al., 2013). This may be related to the fact that high levels of dietary fat may inhibit protozoa. Methanobrevibacter_sp_AbM4 has a positive relationship with two genera of protozoa (Entodinium and Polyplastron) (Zhou et al., 2013) and methanogens obtain H2 for methanogenesis through H2 transfer from protozoa (Tóthová et al., 2008).

At present, there have been few studies on the community structure of rumen fungi in pre-weaning lambs. Thus, we investigated the effect of alfalfa supplementation timing on the fungal community in the rumen of pre-weaning lambs at 14 to 70 d of age. It is generally assumed that anaerobic fungi could degrade the fiber by their efficient and extensive set of enzymes for the degradation of plant fiber (Solomon et al., 2016). Therefore, the inclusion of alfalfa in the diet generally increases the abundance of anaerobic fungi. Kumar et al. (2015) reported that the fungi were enriched in the rumen of cows fed a higher fiber diet. However, we found that the Observed_OTUs and Chao 1 indices were higher in the LAF group than in the EAF group at 42 d of age. This result suggested that early alfalfa hay feeding decreases the richness of the fungal community, but does not make a significant difference to the fungal diversity. This may be related to the imperfection of rumen physiology and functional development of degraded fiber before weaning. In addition, the Observed_OTUs and Chao 1 indices were significantly higher at 42 d of age compared with the other ages in the LAF group, but not in the EAF group. These results imply that the rumen fungal communities of pre-weaning lambs with early alfalfa supplementation were more stable than those with late alfalfa supplementation. The PCoA analysis showed that age has a significant effect on the community structure of the rumen fungi. In line with our results, Yin et al. (2022) reported that fungal populations in the rumen of lambs vary with age and the dynamic change of the fungal community can be divided into three phases: initial phase (0–10 d of age), transition phase (10–45 d of age), and a relatively stable phase (45–120 d of age).

In this study, the predominant fungal communities consisted of the phyla Ascomycota and Basidiomycota. Previous studies have reported that the main phyla in the rumen across all samples were Ascomycota, Basidiomycota, and Neocallimastigomycota (Kumar et al., 2015; Chaucheyras-Durand et al., 2016). However, the phyla Neocallimastigomycota average proportion < 0.1% in the present study. To understand the effect of alfalfa supplementation timing on the community structure of the rumen fungi in pre-weaning lambs. We used MetaStat analysis to analyze the differences in rumen fungal composition between the EAF and LAF groups at 42, 56, and 70 d of age. Specifically, the abundance of Naganishia, Ascochyta, Neosetophoma, Kernia, and Stagonosporopsis were higher in the EAF group than in the LAF group at 42 d of age. This suggests that early alfalfa supplementation can significantly increase the abundance of Naganishia, Ascochyta, Neosetophoma, Kernia, and Stagonosporopsis. The genera Ascochyta, Neosetophoma, Kernia, and Stagonosporopsis belonged to the phylum Ascomycota. Ascomycetes, as the largest group of microorganisms in the fungal kingdom, are mainly involved in the degradation of organic materials such as lignin and keratin during the digestion of nutrients (Beimforde et al., 2014), suggesting that early supplementation with alfalfa may promote fiber digestion in the diet. However, the abundance of Ascochyta, Wallemia, Aspergillus, and Stagonosporopsis was higher in the LAF group than in the EAF group at 56 d of age. Among them, the relative abundances of Ascochyta and Stagonosporopsis showed opposite trends at 42 and 56 d of age. These results suggested that the timing of alfalfa supplementation significantly affects the community structure of the rumen fungi. We also found that the abundance of Aspergillus was higher in the EAF group than LAF group even after being fed the same diet for four weeks, suggesting that the difference of Aspergillus between the EAF and LAF groups at 70 d of age is influenced by the timing of alfalfa supplementation, and the impact of this effect persists over a long period of time. In addition, we explored the fungal biomarkers at 14, 42, 56, and 70 d of age in the EAF and LAF groups using LEfSe analysis. We found that the timing of alfalfa supplementation significantly affected the establishment of rumen fungi. Specifically, the specific fungal biomarkers in the EAF group compared to the LAF group were Ascochyta, Neoascochyta, and Alfaria at 70 d of age, Naganishia, Didymella, Cleistothelebolus, and Alloleptosphaeria at 42 d of age, Sporobolomyces and Bullera at 14 d of age. However, compared to the EAF group, the fungal biomarkers specific to the LAF group at 70 d of age were Naganishia and Didymella, at 56 d of age were Ascochyta, Cystobasidium, and Bisifusarium, at 42 d of age were Paraphoma and Komagataella, at 14 d of age were Aureobasidium and Malassezia. This result suggests that the time of alfalfa supplementation has a significant effect on rumen microbial colonization, which also provides hope for the potential of early life programming interventions.



Correlation analysis of anaerobic fungi and methanogens

In the rumen, there is a unique pattern of association between microorganisms. In the present study, the abundance of Methanobrevibacter was negatively correlated with Methanosphaera across the developmental stages of EAF and LAF lambs. Methanobrevibacter was the formation of CH4 through utilizing H2 + CO2 or formate, followed by a small percentage of Methanosphaera was the formation of CH4 through reduced methanol with H2 (Shi et al., 2014). Thus, the abundance of Methanobrevibacter and Methanosphaera showed a strongly negative association pattern, possibly due to competition for H2 within the rumen. In line with our results, Pitta et al. (2021) reported a negative correlation between Methanosphaera and Methanobrevibacter. There is a symbiotic relationship between rumen methanogens and fungi, and the co-culture of methanogens and fungi can increase the fiber degradation activity of fungi. When anaerobic rumen fungi are grown with methanogens significant increase in fungal biomass because of the removal of fermentation inhibitory intermediates (i.e., ethanol, formate, and lactate). Acetate, formate, H2, and CO2 were the major products of anaerobic fungi (Edwards et al., 2017; Li et al., 2019b). Many studies have now found that interaction between methanogens and anaerobic fungi, despite perturbations in dietary changes and aging (Dias et al., 2017; Pitta et al., 2021). Jin et al. (2011) reported Methanobrevibacter spp. associated with the Piromyces, Anaeromyces, and Neocallimastix. A novel methanogen species belonging to the uncultured archaea group (named Rumen Cluster C), subsequently called Methanomassiliicoccus (Borrel et al., 2014; Noel et al., 2016) was observed associated with anaerobic fungal cultures (Jin et al., 2014). We found that the abundance of Methanosphaera was positively correlated with Naganishia in the EAF group. However, in the LAF group, the abundance of Methanosphaera was positively correlated with Didymella. For the association between fungi, the abundance of Ascochyta was positively associated with Naganishia, Wallemina, and Didymella in the EAF group. However, Ascochyta is positively associated with Cladosporium in addition to Naganishia, Wallemina, and Didymella in the LAF group. The abundance of Naganishia was positively correlated with Cladosporium in the LAF group, but not in the EAF group. In addition, there was a trend towards positive correlation between Wallemia and Cladosporium in the EAF group, but not in the LAF group.These results suggested strong patterns of association both within and between archaea and fungi that can be influenced by alfalfa supplementation timing. Unfortunately, little is known about the function of these fungi in rumen digestion. Moreover, the intricate relationships both within and between methanogenic archaea and anaerobic fungi in the rumen ecosystem remain largely unexplored. Although our study provided new insights into the intra-microbial associations of the developing rumen, future studies should focus on the interactions between archaea and anaerobic fungi using both culture-independent and culture-dependent methods. In addition, it is necessary to investigate the rumen microbiome using metagenomic sequencing techniques to explore their functional role and interaction relation in lambs.




Conclusion

In summary, initiating hay provision at 14 d of age, rather than at 42 d, could enhance total DMI and ADG among pre-weaning lambs. However, this effect disappears during the period from 56 to 70 d of age. The results of ruminal microbiota showed that supplementation with alfalfa hay began at 14 d of age increased the relative abundances of Naganishia, Ascochyta, Neosetophoma, Kernia, and Stagonosporopsis from fungi, suggesting that early alfalfa supplementation may promote dietary fiber digestion in lambs. For the age effect, the timing of alfalfa supplementation has a significant effect on rumen microbial colonization. In addition, the interaction both within and between archaea and fungi can be influenced by alfalfa supplementation timing. However, our understanding of the diversity and functional importance of methanogens and anaerobic rumen fungi associated with rumen remains incomplete.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: NCBI − PRJNA1067551; PRJNA1067533.



Ethics statement

The animal studies were approved by the experiment and animal procedures were done according to the “Laboratory Animal Guideline for Ethical Review of Animal Welfare” National Standard of the People’s Republic of China (GB/T 35892–2018). The studies were conducted in accordance with the local legislation and institutional requirements. Written informed consent was obtained from the owners for the participation of their animals in this study.



Author contributions

KL: Investigation, Methodology, Software, Writing – original draft. HD: Formal analysis, Investigation, Writing – review & editing. WG: Data curation, Investigation, Writing – review & editing. MN: Data curation, Investigation, Writing – review & editing. RN: Conceptualization, Funding acquisition, Project administration, Supervision, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research, authorship, and/or publication of this article. This research was funded by the basic scientific research business fee project for universities directly under the Inner Mongolia Autonomous Region (BR22-13-02), the Natural Science Foundation of Inner Mongolia Autonomous Region, grant number 2021MS03009, and the program for Innovative Research Team in Universities of Inner Mongolia Autonomous Region, grant number NMGIRT2322.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1380322/full#supplementary-material



Footnotes

1   http://www.drive5.com/usearch/manual/uchime_algo.html

2   https://cloud.majorbio.com/page/tools/



References

 AOAC, (2007). Official methods of analysis of the Association of Official Analytical Chemists (AOAC) international, 18th Edn. Gaithersburg, MD, USA: AOAC Int.

 Beharka, A. A., Nagaraja, T. G., Morrill, J. L., Kennedy, G. A., and Klemm, R. D. (1998). Effects of form of the diet on anatomical, microbial, and fermentative development of the rumen of neonatal calves. J. Dairy Sci. 81, 1946–1955. doi: 10.3168/jds.S0022-0302(98)75768-6 

 Beimforde, C.Feldberg, K., Nylinder, S., Rikkinen, J., Tuovila, H., Dörfelt, H., et al. (2014). Estimating the phanerozoic history of the ascomycota lineages: combining fossil and molecular data. Mol. Phylogenet. Evol. 78, 386–398. doi: 10.1016/j.ympev.2014.04.024 

 Beiranvand, H., Ghorbani, G. R., Khorvash, M., Nabipour, A., Dehghan-Banadaky, M., Homayouni, A., et al. (2014). Interactions of alfalfa hay and sodium propionate on dairy calf performance and rumen development. J. Dairy Sci. 97, 2270–2280. doi: 10.3168/jds.2012-6332 

 Bokulich, N. A., Subramanian, S., Faith, J. J., Gevers, D., Gordon, J. I., Knight, R., et al. (2012). Quality—filtering vastly improves diversity estimates from Illumina amplicon sequencing. Nat. Methods 10, 57–59. doi: 10.1038/NMETH.2276 

 Borrel, G., Parisot, N., Harris, H. M., Peyretaillade, E., Gaci, N., Tottey, W., et al. (2014). Comparative genomics highlights the unique biology of Methanomassiliicoccales, a Thermoplasmatales-related seventh order of methanogenic archaea that encodes pyrrolysine. BMC Genomics 15, 679–702. doi: 10.1186/1471-2164-15-679 

 Castells, L., Bach, A., Aris, A., and Terré, M. (2013). Effects of forage provision to young calves on rumen fermentation and development of the gastrointestinal tract. J. Dairy Sci. 96, 5226–5236. doi: 10.3168/jds.2012-6419 

 Castells, L., Bach, A., and Terré, M. (2015). Short- and long-term effects of forage supplementation of calves during the preweaning period on performance, reproduction, and milk yield at first lactation. J. Dairy Sci. 98, 4748–4753. doi: 10.3168/jds.2014-9025 

 Chaucheyras-Durand, F., Ameilbonne, A., Bichat, A., Mosoni, P., Ossa, F., and Forano, E. (2016). Live yeasts enhance fibre degradation in the cow rumen through an increase in plant substrate colonization by fibrolytic bacteria and fungi. J. Appl. Microbiol. 120, 560–570. doi: 10.1111/jam.13005 

 Daneshvar, D., Khorvash, M., Ghasemi, E., Mahdavi, A. H., Moshiri, B., Mirzaei, M., et al. (2015). The effect of restricted milk feeding through conventional or step-down methods with or without forage provision in starter feed on performance of Holstein bull calves. J. Anim. Sci. 93, 3979–3989. doi: 10.2527/jas.2014-8863

 Dias, J., Marcondes, M. I., Noronha, M. F., Resende, R. T., Machado, F. S., Mantovani, H. C., et al. (2017). Effect of pre-weaning diet on the ruminal archaeal, bacterial, and fungal communities of dairy calves. Front. Microbiol. 8, 1553–1569. doi: 10.3389/fmicb.2017.01553

 Dong, L. F., Ma, J. N., Tu, Y., and Diao, Q. Y. (2019). Weaning methods affect ruminal methanogenic archaea composition and diversity in Holstein calves. J. Integr. Agr. 18, 1080–1092. doi: 10.1016/S2095-3119(18)62120-3

 Edgar, R. C., Haas, B. J., Clemente, J. C., Quince, C., and Knight, R. (2011). UCHIME improves sensitivity and speed of chimera detection. Bioinformatics 27, 2194–2200. doi: 10.1093/bioinformatics/btr381 

 Edwards, J. E., Forster, R. J., Callaghan, T. M., Dollhofer, V., Dagar, S. S., Cheng, Y., et al. (2017). PCR and omics based techniques to study the diversity, ecology and biology of anaerobic fungi: insights, challenges and opportunities. Front. Microbiol. 8, 1657–1683. doi: 10.3389/fmicb.2017.01657

 Greenwood, R. H., Morrill, J. L., Titgemeyer, E. C., and Kennedy, G. A. (1997). A new method of measuring diet abrasion and its effect on the development of the forestomach. J. Dairy Sci. 80, 2534–2541. doi: 10.3168/jds.s0022-0302(97)76207-6

 Guzman, C. E., Bereza-Malcolm, L. T., De Groef, B., and Franks, A. E. (2015). Presence of selected methanogens, fibrolytic bacteria, and proteobacteria in the gastrointestinal tract of neonatal dairy calves from birth to 72 hours. PLoS One 10:e0133048. doi: 10.1371/journal.pone.0133048 

 Hosseini, S. M., Ghorbani, G. R., Rezamand, P., and Khorvash, M. (2015). Determining optimum age of Holstein dairy calves when adding chopped alfalfa hay to meal starter diets based on measures of growth and performance. Animal 10, 607–615. doi: 10.1017/S1751731115002499 

 Huws, S. A., Creevey, C. J., Oyama, L. B., Mizrahi, I., Denman, S. E., Popova, M., et al. (2018). Addressing global ruminant agricultural challenges through understanding the rumen microbiome: past, present, and future. Front. Microbiol. 9, 2161–2193. doi: 10.3389/fmicb.2018.02161 

 Imani, M., Mirzaei, M., Baghbanzadeh-Nobari, B., and Ghaffari, M. H. (2017). Effects of forage provision to dairy calves on growth performance and rumen fermentation: a meta-analysis and meta-regression. J. Dairy Sci. 100, 1136–1150. doi: 10.3168/jds.2016-11561 

 Jiao, J., Li, X., Beauchemin, K. A., Tan, Z., Tang, S., and Zhou, C. (2015). Rumen development process in goats as affected by supplemental feeding v. grazing: age-related anatomic development, functional achievement and microbial colonisation. Br. J. Nutr. 113, 888–900. doi: 10.1017/S0007114514004413 

 Jin, W., Cheng, Y. F., Mao, S. Y., and Zhu, W. Y. (2011). Isolation of natural cultures of anaerobic fungi and indigenously associated methanogens from herbivores and their bioconversion of lignocellulosic materials to methane. Bioresour. Technol. 102, 7925–7931. doi: 10.1016/j.biortech.2011.06.026 

 Jin, W., Cheng, Y. F., Mao, S. Y., and Zhu, W. Y. (2014). Discovery of a novel rumen methanogen in the anaerobic fungal culture and its distribution in the rumen as revealed by real-time PCR. BMC Microbiol. 14, 104–115. doi: 10.1186/1471-2180-14-104 

 Knapp, J. R., Laur, G. L., Vadas, P. A., Weiss, W. P., and Tricarico, J. M. (2014). Invited review: enteric methane in dairy cattle production: quantifying the opportunities and impact of reducing emissions. J. Dairy Sci. 97, 3231–3261. doi: 10.3168/jds.2013-7234 

 Kumar, S., Indugu, N., Vecchiarelli, B., and Pitta, D. W. (2015). Associative patterns among anaerobic fungi, methanogenic archaea, and bacterial communities in response to changes in diet and age in the rumen of dairy cows. Front. Microbiol. 6, 781–790. doi: 10.3389/fmicb.2015.00781 

 Leahy, S. C., Kelly, W. J., Li, D., Li, Y., Altermann, E., Lambie, S. C., et al. (2013). The complete genome sequence of Methanobrevibacter sp. AbM4. Stand. Genomic Sci. 8, 215–227. doi: 10.4056/sigs.3977691 

 Li, Y., Li, Y., Jin, W., Sharpton, T. J., Mackie, R. I., Cann, I., et al. (2019b). Combined genomic, transcriptomic, proteomic, and physiological characterization of the growth of Pecoramyces sp. F1 in monoculture and co-culture with a syntrophic methanogen. Front. Microbiol. 10, 435–446. doi: 10.3389/fmicb.2019.00435 

 Li, K., Shi, B., and Na, R. (2023a). The colonization of rumen microbiota and intervention in pre-weaned ruminants. Animals 13:994. doi: 10.3390/ani13060994 

 Li, K. N., Wei, Y. R., and Na, R. H. (2023b). Effects of diet on ruminal methanogenic archaea composition and diversity in cashmere goats. S. Afr. J. Anim. Sci. 53, 398–412. doi: 10.4314/sajas.v53i3.08

 Li, B., Zhang, K., Li, C., Wang, X., Chen, Y., and Yang, Y. (2019a). Characterization and comparison of microbiota in the gastrointestinal tracts of the goat (Capra hircus) during preweaning development. Front. Microbiol. 10, 2125–2140. doi: 10.3389/fmicb.2019.02125 

 Lyons, T., Boland, T., Storey, S., and Doyle, E. (2017). Linseed oil supplementation of lambs’ diet in early life leads to persistent changes in rumen microbiome structure. Front. Microbiol. 8, 1656–1667. doi: 10.3389/fmicb.2017.01656 

 Noel, S. J., Højberg, O., Urich, T., and Poulsen, M. (2016). Draft genome sequence of ‘Candidatus Methanomethylophilus’ sp. 1R26, enriched from bovine rumen, a methanogenic archaeon belonging to the Methanomassiliicoccales order. GenomeA 4:e01734. doi: 10.1128/genomea.01734-15

 Norouzian, M. A., and Valizadeh, R. (2014). Effect of forage inclusion and particle size in diets of neonatal lambs on performance and rumen development. J. Anim. Physiol. An. N. 98, 1095–1101. doi: 10.1111/jpn.12183 

 Norouzian, M. A., Valizadeh, R., and Vahmani, P. (2011). Rumen development and growth of Balouchi lambs offered alfalfa hay pre- and post-weaning. Trop. Anim. Health Prod. 43, 1169–1174. doi: 10.1007/s11250-011-9819-z 

 Peng, X., Wilken, S. E., Lankiewicz, T. S., Gilmore, S. P., Brown, J. L., Henske, J. K., et al. (2021). Genomic and functional analyzes of fungal and bacterial consortia that enable lignocellulose breakdown in goat gut microbiomes. Nat. Microbiol. 6, 499–511. doi: 10.1038/s41564-020-00861-0 

 Pitta, D. W., Melgar, A., Hristov, A. N., Indugu, N., Narayan, K. S., Pappalardo, C., et al. (2021). Temporal changes in total and metabolically active ruminal methanogens in dairy cows supplemented with 3-nitrooxypropanol. J. Dairy Sci. 104, 8721–8735. doi: 10.3168/jds.2020-19862 

 Ren, Y., Han, C., Shi, C., Zhang, D., Liu, L., Yu, G., et al. (2022). Majorbio cloud: a one-stop, comprehensive bioinformatic platform for multiomics analyses. iMeta 1:e12. doi: 10.1002/imt2.12

 Rey, M., Enjalbert, F., Combes, S., Cauquil, L., Bouchez, O., and Monteils, V. (2014). Establishment of ruminal bacterial community in dairy calves from birth to weaning is sequential. J. Appl. Microbiol. 116, 245–257. doi: 10.1111/jam.12405 

 Shi, W. B., Moon, C. D., Leahy, S. C., Kang, D. W., Froula, J., Kittelmann, S., et al. (2014). Methane yield phenotypes linked to differential gene expression in the sheep rumen microbiome. Genome Res. 24, 1517–1525. doi: 10.1101/gr.168245.113 

 Söllinger, A., Tveit, A. T., Poulsen, M., Noel, S. J., Bengtsson, M., Bernhardt, J., et al. (2018). Holistic assessment of rumen microbiome dynamics through quantitative Metatranscriptomics reveals multifunctional redundancy during key steps of anaerobic feed degradation. mSystems 3:e00038. doi: 10.1128/mSystems.00038-18

 Solomon, K. V., Haitjema, C. H., Henske, J. K., Gilmore, S. P., Borges-Rivera, D., Lipzen, A., et al. (2016). Early-branching gut fungi possess a large, comprehensive array of biomass degrading enzymes. Science 351, 1192–1195. doi: 10.1126/science.aad1431 

 Suárez, B. J., Van Reeenen, C. G., Stockhofe, N., Dijkstra, J., and Gerrits, W. J. J. (2007). Effect of roughage source and roughage to concentrate ratio on animal performance and rumen development in veal calves. J. Dairy Sci. 90, 2390–2403. doi: 10.3168/jds.2006-524 

 Suárez, B. J., Van Reenen, C. G., Beldman, G., van Delen, J., Dijkstra, J., and Gerrits, W. J. J. (2006). Effects of supplementing concentrates differing in carbohydrate composition in veal calf diets: I. Animal performance and rumen fermentation characteristics. J. Dairy Sci. 89, 4365–4375. doi: 10.3168/jds.s0022-0302(06)72483-3 

 Tapio, I., Snelling, T. J., Strozzi, F., and Wallace, R. J. (2017). The ruminal microbiome associated with methane emissions from ruminant livestock. J. Anim. Sci. Biotechno. 8, 7–17. doi: 10.1186/s40104-017-0141-0 

 Tóthová, T., Piknova, M., Kisidayova, S., Javorsky, P., and Pristas, P. (2008). Distinctive archaebacterial species associated with anaerobic rumen protozoan Entodinium caudatum. Folia Microbiol. 53, 259–262. doi: 10.1007/s12223-008-0039-5 

 Van Soest, P. J., Robertson, J. B., and Lewis, B. A. (1991). Methods for dietary fiber, neutral detergent fiber, and nonstarch polysaccharides in relation to animal nutrition. J. Dairy Sci. 74, 3583–3597. doi: 10.3168/jds.s0022-0302(91)78551-2 

 Wallace, R. J., Rooke, J. A., McKain, N., Duthie, C. A., Hyslop, J. J., Ross, D. W., et al. (2015). The rumen microbial metagenome associated with high methane production in cattle. BMC Genomics 16, 839–852. doi: 10.1186/s12864-015-2032-0 

 Xiao, J., Chen, T., Peng, R., Alugongo, G. M., Yang, H., Khan, M. Z., et al. (2023). The age at first consumption of forage in calves and its effect on growth and rumination in the short- and long-term. J. Anim. Sci. Biotechno. 14, 107–121. doi: 10.1186/s40104-023-00885-6 

 Yáñez-Ruiz, D. R., Abecia, L., and Newbold, C. J. (2015). Manipulating rumen microbiome and fermentation through interventions during early life: a review. Front. Microbiol. 6, 1133–1144. doi: 10.3389/fmicb.2015.01133 

 Yang, B., He, B., Wang, S. S., Liu, J. X., and Wang, J. K. (2015). Early supplementation of starter pellets with alfalfa improves the performance of pre- and postweaning Hu lambs. J. Anim. Sci. 93, 4984–4994. doi: 10.2527/jas.2015-9266

 Yang, B., Le, J., Wu, P., Liu, J., Guan, L. L., and Wang, J. (2018). Alfalfa intervention alters rumen microbial community development in Hu lambs during early life. Front. Microbiol. 9:574. doi: 10.3389/fmicb.2018.00574 

 Yeoman, C. J., Ishaq, S. L., Bichi, E., Olivo, S. K., Lowe, J., and Aldridge, B. M. (2018). Biogeographical differences in the influence of maternal microbial sources on the early successional development of the bovine neonatal gastrointestinal tract. Sci. Rep. 8, 3197–3200. doi: 10.1038/s41598-018-21440-8 

 Yin, X., Ji, S., Duan, C., Tian, P., Ju, S., Yan, H., et al. (2021). Age-related changes in the ruminal microbiota and their relationship with rumen fermentation in lambs. Front. Microbiol. 12, 679135–679146. doi: 10.3389/fmicb.2021.679135 

 Yin, X., Ji, S., Duan, C., Tian, P., Ju, S., Yan, H., et al. (2022). Dynamic change of fungal community in the gastrointestinal tract of growing lambs. J. Integr. Agr. 21, 3314–3328. doi: 10.1016/j.jia.2022.08.092

 Zhang, K., Li, B., Guo, M., Liu, G., Yang, Y., Wang, X., et al. (2019). Maturation of the goat rumen microbiota involves three stages of microbial colonization. Animals 9, 1028–1043. doi: 10.3390/ani9121028 

 Zhou, M., Hünerberg, M., Beauchemin, K. A., McAllister, T. A., Okine, E. K., and Guan, L. L. (2013). Individuality of ruminal methanogen/protozoa populations in beef cattle fed diets containing dried distillers’ grain with solubles. Acta Agr. Scand. 62, 273–288. doi: 10.1080/09064702.2013.788206


Copyright
 © 2024 Li, Du, Guo, Na and Na. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.










	
	ORIGINAL RESEARCH
published: 20 May 2024
doi: 10.3389/fmicb.2024.1364517






[image: image2]

Prickly ash seeds can promote healthy production of sheep by regulating the rumen microbial community

Dengpan Li1,2, Qiao Li1,2, Xueyi Ma1,2, Huihui Wang1,2, Chunhui Wang1,2, Haoyu Wang1,2, Zhanjing Liu1,3, Taotao Li1,2 and Youji Ma1,2*


1College of Animal Science and Technology, Gansu Agricultural University, Lanzhou, China

2Gansu Key Laboratory of Animal Generational Physiology and Reproductive Regulation, Lanzhou, China

3Tianzhu County Animal Disease Prevention and Control Center, Wuwei, China

Edited by
Anusorn Cherdthong, Khon Kaen University, Thailand

Reviewed by
Lihui Zhu, Shanghai Academy of Agricultural Sciences, China
 Chuanfa Liu, The Chinese University of Hong Kong, China

*Correspondence
 Youji Ma, yjma@gsau.edu.cn

Received 02 January 2024
 Accepted 06 May 2024
 Published 20 May 2024

Citation
 Li D, Li Q, Ma X, Wang H, Wang C, Wang H, Liu Z, Li T and Ma Y (2024) Prickly ash seeds can promote healthy production of sheep by regulating the rumen microbial community. Front. Microbiol. 15:1364517. doi: 10.3389/fmicb.2024.1364517



This study aimed to investigate the effect of prickly ash seeds (PAS) on the microbial community found in rumen microbes of Hu sheep by adding different percentages of prickly ash seeds and to carry out research on the relation between rumen flora and production performance. Twenty-seven male lambs of Hu sheep were classified into three groups based on the content of prickly ash seeds (PAS) fed for 90 days, i.e., 0%, 3%, and 6%. At the end of the feeding trial, rumen fluid samples were collected from six sheep in each group for 16S amplicon sequencing. The results showed that the addition of prickly ash seeds significantly increased both Chao1 and ACE indices (P < 0.05), and the differences between groups were greater than those within groups. The relative content of Bacteriodota decreased, and the relative content of Fusobacteriota, Proteobacteria, Acidobacteriota, and Euryarchaeota increased. The relative content of Papillibacter and Saccharofermentans was increased at the genus level, and the relative content of Bacteroides and Ruminococcus was decreased. The test group given 3% of prickly ash seeds was superior to the test group given 6% of prickly ash seeds. In addition, the addition of 3% of prickly ash seeds improved the metabolism or immunity of sheep. Fusobacteriota and Acidobacteriota were positively correlated with total weight, dressing percentage, and average daily gain (ADG) and negatively correlated with average daily feed intake (ADFI), feed-to-gain ratio (F/G), and lightness (L*). Methanobrevibacter and Saccharofermentans were positively correlated with ADG and negatively correlated with ADFI and L*. In conclusion, under the present experimental conditions, the addition of prickly ash seeds increased the abundance and diversity of rumen microorganisms in Hu sheep and changed the relative abundance of some genera. However, the addition of 6% prickly ash seeds may negatively affect the digestive and immune functions in sheep rumen.
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1 Introduction

Complex and large microbial communities inhabit the rumen of ruminants and play a key role in ruminant health, growth performance, and immunity (Malmuthuge and Guan, 2017; Schären et al., 2018). Microorganisms in the rumen include four major groups: protozoa, fungi, archaea, and bacteria. Among the bacteria, Firmicutes and Bacteroidetes are the most abundant. Most of the species in Firmicutes are associated with carbohydrate metabolism (Fernando et al., 2010; Hart et al., 2018), whereas Bacteroidetes are mainly associated with starch digestion and metabolism (Jami and Mizrahi, 2012; Snelling and Wallace, 2017). In addition, there are other groups of bacteria such as Fibrobacterota, Gracilibacteria, Spirochaetota, and Euryarchaeota that work together to maintain and mutually regulate the stability and balance of the rumen's internal environment. It has been found that the composition of the microbial community in the rumen can be affected by various factors such as diet, environmental factors, species, sex, and age, of which diet composition, nutritional level, and feed intake are considered to be the key factors affecting the rumen microbial community. Henderson et al. measured rumen microbial samples from 35 countries and 32 animal species to assess whether they were influenced by diet, host, or geographic location and found that differences in microbial community composition were primarily attributable to diet, with a lesser influence of the host (Henderson et al., 2015). In addition, in long-term feeding trials, it was found that adding enzyme preparations, plant extracts, probiotics, herbal additives, and other substances to animal feed can improve the gastrointestinal health of livestock and poultry; enhance the body's immune system; promote the digestion and absorption of nutrients, which will have a positive impact on the growth of livestock and poultry; and reduce the cost of feeding to a certain extent (Mao et al., 2023; Wang et al., 2023a).

Prickly ash is a small perennial deciduous tree of the family Rutaceae. It has high economic value in terms of food and medicinal use and has become an important source of economy for farmers in some areas. Prickly ash seeds are the main byproduct of prickly ash production, accounting for approximately 60% of the total weight of prickly ash. Prickly ash seeds can be processed into prickly ash oil (an ideal edible vegetable oil) and can also be used as herbal medicine. Long-term studies have found that prickly ash seeds are rich in dietary fiber, melanin, polyphenols, flavonoids, quercetin, volatile oils, and other natural substances (Tang et al., 2014; Yang et al., 2014), which have better anti-inflammatory and antibacterial (Hou et al., 2021), antioxidant, antitumor, cholesterol-lowering, and immune-enhancing properties (Fortuoso et al., 2019; Zhong et al., 2022). In addition, the antimicrobial peptides of prickly ash seeds have antimicrobial activity, inhibiting Bacillus subtilis, Escherichia coli, Salmonella, and Staphylococcus aureus (Hou et al., 2019). Prickly ash seeds inhibit lung inflammation and tissue damage during asthma (Wang et al., 2016; Phuyal et al., 2020). Prickly ash seed oil extracted from prickly ash seeds inhibits osteoclastogenesis and anti-malignant melanoma (Pang et al., 2019; Zhang et al., 2022a). In recent years, a number of scholars have carried out studies using prickly ash seeds and their derivatives in animals. For example, the addition of prickly ash seeds to diets has the potential to enhance pork quality and growth performance (Song et al., 2020). Prickly ash essential oil can promote nutrient digestion and absorption as well as increase intestinal health in sheep, while a portion of the rumen microbiota was significantly associated with differential metabolite and enzyme activities (Zhang et al., 2022a,b).

With the development of modernization and large-scale farming, the concept of green and healthy farming has been proposed in animal husbandry. In addition, prickly ash seeds have the advantages of naturalness, non-resistance, and multifunctionality, making it an ideal green feed. As the raw materials are abundant, they do not need any processing, resulting in low economic cost. Previous experiments have shown that including prickly ash seeds in the diet can improve the beneficial bacteria in the intestinal tract of Hu sheep lambs, reduce harmful bacteria, reduce inflammation, and increase the immunity of sheep (Li et al., 2023a). Therefore, 16s rRNA sequencing technology was used in this study to compare the bacterial community structure and distribution in the rumen of sheep supplemented with 0%, 3%, and 6% prickly ash seeds and to analyze the correlation between rumen microorganisms and production traits. This study aimed to augment the limitation in studies on the effects of prickly ash seeds on the ruminal bacterial community and to find the key microorganisms affecting the production performance of sheep through a study on the correlation between rumen microbes and production traits so as to provide beneficial help for promoting the healthy growth of ruminants.



2 Materials and methods


2.1 Ethics statement

All experimental designs and procedures were approved by the Animal Care Committee for Animal Care and Experimental Procedures established by the Ministry of Science and Technology of the People's Republic of China (Approval No. 2006-398).



2.2 Animals and experimental design

Twenty-seven healthy 3-month-old Hu male sheep lambs (aged 90 ± 5 days; 25.66 ± 3.03 kg body weight) were selected from June to September 2022 at Dongwu Good Breeding Sheep Breeding Base, Dongxiang County (Linxia Prefecture, Gansu Province, China). They were randomly divided into three groups of nine lambs each. The three groups were supplemented with 0% (CK group), 3% (A group), and 6% (B group) of prickly ash seeds in the basal diet. At the end of the fattening test, six sheep in each group were randomly selected to determine production traits after slaughter, and rumen fluid was collected for 16S rRNA sequencing and analyzed for the correlation between the diversity of rumen flora and production traits.



2.3 Test diet

The basal diet was formulated with reference to the Nutritional Requirements of Chinese Meat Sheep and made into a total mixed ration (TMR). The composition and nutrient content of the experimental basal diet are shown in Table 1. Prickly ash seeds were purchased from the grain market in Guanghe County, and their conventional nutrient content (Supplementary Table S1) is given in Li et al. (2023a).


TABLE 1 Composition and nutrient levels of basal diet (dry matter basis).
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2.4 Feeding management

Before the start of the trial, the pen was thoroughly disinfected, the sheep were ear-tagged and vaccinated according to the procedure, and then each sheep was weighed and placed in pens. At the beginning of the trial, feeding was carried out at 07:00 am and 18:00 pm every day, during which the lambs had ad libitum access to food and drink, and the pens were disinfected regularly.



2.5 Sample collection and processing

At the end of the fattening test, six test sheep with close body condition were randomly selected from each group. The sheep were slaughtered, and the rumen fluid was collected after 12 h of fasting and finally filtered through a gauze into 50-mL centrifuge tubes. The centrifuge tubes were immediately placed in a liquid nitrogen tank and brought back to the laboratory, and there, they were transferred to a −80°C refrigerator for storage for the determination of rumen microbiota diversity.



2.6 16S rRNA amplicon sequencing
 
2.6.1 DNA extraction

Total microbial DNA was extracted from rumen samples with reference to the requirements of the TGuide S96 Magnetic Bead Method Soil/Fecal Genomic DNA Extraction Kit [Tiangen Biotechnology Co., Ltd. (Beijing, China)]. The concentration of the DNA samples was determined by an enzyme marker and then qualitatively detected by 2% agarose gel electrophoresis. The DNA samples that met the requirements for online library construction were sent to Wuhan Metavir Biotechnology Co. (Wuhan, China) for 16S amplicon sequencing.



2.6.2 Library construction and on-line sequencing

Using DNA diluted in sterile water as the template, specific primers were synthesized with barcode sequences (338F: ACTCCTACGGGGAGGCAGCAG; 806R: GGACTACHVGGGGTWTCTAAT) according to the sequence of primers in the V3–V4 region for PCR amplification. All PCR reactions were carried out with 15 μL of Phusion® High-Fidelity PCR Master Mix [New England Biolabs (Beijing, China) Ltd.], with 0.2 μM of forward and reverse primers, and approximately 10 ng template DNA. Thermal cycling consisted of initial denaturation at 98°C for 1 min, followed by 30 cycles of denaturation at 98°C for 10 s, annealing at 50°C for 30 s, and elongation at 72°C for 30 s, and final denaturation at 72°C for 5 min. Sequencing libraries were generated using the TruSeq® DNA PCR-Free Sample Preparation Kit [Illumina (Shanghai, China) Ltd.] following the manufacturer's instructions, and index codes were added. The library quality was assessed on the Qubit@ 2.0 Fluorometer [Thermo Scientific (Shanghai, China) Ltd.] and Agilent Bioanalyzer 2,100 system (Beijing, China). Finally, the library was sequenced on an Illumina NovaSeq 6,000 platform (Shanghai, China), and 250-bp paired-end reads were generated.



2.6.3 Sequencing data processing

The downstream data (raw PE) from Illumina NovaSeq sequencing were spliced and quality-controlled to obtain clean tags, and then, chimera filtering was performed to obtain effective tags that could be used for subsequent analyses. The UPARSE algorithm (USEARCH v7, http://www.drive5.com/uparse/) was used to cluster the effective tags of all the samples into operational taxonomic units (OTUs) according to the 97% sequence similarity principle. The sequences of OTUs were then annotated with the SSUrRNA database of SILVA138.1 (http://www.arb-silva.de/) using the mothur method to obtain the microbial community composition of each sample or subgroup at each subgroup level (set the threshold to 0.8 ~ 1). Rapid multiple sequence comparisons were performed using MAFFT (v7.490, https://mafft.cbrc.jp/alignment/software/) software, and then, the data were homogenized across samples. The alpha-diversity and beta-diversity analyses were performed. Qiime software (Version 1.9.1) was used to calculate Observed_otus, Chao1, Shannon, Simpson, ace, Goods-coverage, and PD_whole_tree indices. Rarefaction curve, rank abundance curves, and species accumulation curves were plotted using R software (Version 4.1.2), and differences between groups were analyzed using R software for the alpha-diversity index. QIIME software (Version 1.9.1) was used to calculate the UniFrac distance and construct the UPGMA clustering tree. Principal component analysis (PCA), principal coordinates analysis (PCoA), and Non-Metric Multi-Dimensional Scaling (NMDS) plots were drawn using R software (Version 4.1.2). Analysis of similarity (ANOSIM) uses the anosim function of the R vegan package. Linear discriminant analysis effect size (LEfSe) analyses were performed using LEfSe software with the default filter value of LDA score set to 4. Finally, the 16S rRNA gene sequences were analyzed for functional prediction in Kyoto Encyclopedia of Genes and Genomes (KEGG) and Cluster of orthologous group (COG) databases using PICRUSt2. Other graphics used OmicStudio (https://www.omicstudio.cn/online).




2.7 Statistical analysis

The experimental data were preliminarily sorted out by Excel 2021 software, and then, the one-way ANOVA process of SPSS 26.0 statistical software was used to conduct the one-way ANOVA. Duncan's method was used to conduct multiple comparisons test, and the results were represented by mean ± standard deviation. A p-value of < 0.05 indicates statistically significant difference, and 0.05 ≤ P < 0.1 indicates that the difference tends to be significant. With reference to the previous results on production traits by our research group (Ma et al., 2024), we used Spearman's correlation test to analyze the correlation between rumen microorganisms and production traits. The greater the correlation coefficient, the stronger the correlation between the variables. Spearman's correlation coefficient greater than 0.5 means that there is a strong positive correlation between the two variables, and a correlation coefficient < 0.5 means that there is a strong negative correlation between the two variables.




3 Results


3.1 Sequencing results and bacterial diversity

A total of 1,379,355 reads pairs were obtained by 16S amplicon sequencing. A total of 1,340,281 clean tags were generated after paired-end reads were spliced and filtered, and 1,047,982 effective tags produced by chimeras were removed. At least 56,078 clean tags were generated for each sample, and 74,460 clean tags were generated on average. The average content of Q30 was 94.07%, and the average content of GC was 54.15%. On the principle of dividing different OTUs based on a sequence similarity >97%, there were 3,648, 3,930 and 4,260 OTUs in groups CK, A, and B, respectively (Figure 1A), with the lowest number of OTUs unique to group CK and the highest number of OTUs in group B. The number of OTUs common to each group was 2,042. The unique OTUs in each group were 990, 771, and 1,011, respectively. The sample sequencing rarefaction curve show that the curves flatten out as the number of samples sequenced increases, indicating an adequate amount of data (Figure 1B). Species accumulation box plots were used as a judgement of the adequacy of the sample size. The absence of a sharp increase in the position of the box plots indicated that the sampling was adequate and that data analysis could be carried out (Figure 1D). The rank clustering curve tends to flatten out, indicating that the amount of sequencing data is progressively reasonable (Figure 1C).
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FIGURE 1
 Sequencing results and statistical analysis of diversity. (A) The Venn diagram shows three groups of common or unique OTUs. (B) Rarefaction curve for all samples. (C) Rank abundance. (D) Species accumulation boxplot. (E) Violin plots of the number of observed_otus values between the three groups. (F) Violin plots of the number of ACE index values between the three groups. (G) Violin plots of the number of PD_whole_tree index values between the three groups. (H) Violin plots of the number of Shannon index values between the three groups. (I) Violin plots of the number of Goods_coverage between the three groups. (J) Violin plots of the number of Simpson index values between the three groups. (K) Violin plots of the number of Chao1 index values between the three groups.


As can be seen from Table 2, the alpha diversity indices of groups A and B were mostly higher than those of group CK. The average number of visually observed OTUs, ACE index (estimation of the number of OTUs in the community), and PD_whole_tree index of each group showed CK < A < B (Figures 1E–G). The Shannon index of group A was higher than that of group CK (Figure 1H). The Simpson index did not differ significantly (P > 0.05) among groups (Figure 1J). In addition, ACE and Chao1 indices were significantly higher (P < 0.05) in group B than in groups CK and A (Figures 1F, K). The Goods_coverage index was significantly higher (P < 0.05) in group A than in groups CK and B (Figure 1I).


TABLE 2 Effects of prickly ash seeds (PAS) on microbial diversity of Hu lambs.
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3.2 Cluster analysis and microbial composition

Principal coordinates analysis (PCoA) based on unweighted UniFrac showed that the rumen flora of lambs in group CK and groups A and B were significantly different, and the rumen flora of lambs in the two experimental groups were not significantly different (Figure 2A). PCA and NMDS analysis showed that the community composition was relatively similar within groups, but the community composition was more different between groups (Figures 2B, D). Moreover, the stress < 2 in NMDS analysis indicated that NMDS could accurately reflect the degree of differences between samples. The PCA plot showed that the contribution values of the two principal components were 11.58% and 8.26%, respectively, and group B and group A could be distinguished from the other two groups according to PC1 and PC2, respectively. ANOSIM showed that the range of the R-value between CK, A, and B groups was [−1.1], and the p-value was 0.001, which indicated that the difference between groups was significantly greater than the difference within groups (P < 0.05) (Figure 2C). In addition, the Multi-Response Permutation Procedure (MRPP) analysis and the Adonis analysis also indicated that the reliability of this test was high (Table 3). The UPGMA clustering tree based on the unweighted UniFrac distances of OTUs shows that half of group A is clustered with group CK and the other half is clustered with group B. The main rumen bacterial groups were Bacteroidota and Firmicutes, and the composition of the bacterial groups was basically similar among the groups. Interestingly, Acidobacteriota was present alone in all individuals of group B and in some individuals of group A (Figure 2E).
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FIGURE 2
 Cluster analysis and microbial composition. (A) Principal coordinate analysis (PCoA) based on all samples. (B) Principal component analysis (PCA) based on all samples. (C) OTU-based difference analysis of Anosim between groups. (D) Non-Metric Multi-Dimensional Scaling (NMDS) based on all samples. (E) Unweighted UniFrac distance UPGMA clustering tree based on OUT.



TABLE 3 MRPP analysis and Adonis analysis based on Bray–Curtis distance.
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3.3 Relative abundance of rumen flora at the phylum level

As shown in Table 4 and Figure 3A, Bacteroidota and Firmicutes were the main bacterial phyla comprising the rumen fluid flora of sheep lambs in the three groups, and their relative abundance accounted for more than 77.85% of the proportion of rumen flora. The abundance of Fusobacteriota, Proteobacteria, Acidobacteriota, and Euryarchaeota was lower in the CK group than in groups A and B. Gracilibacteria abundance was higher in the CK group than in groups A and B. The abundance of Fibrobacteriota and Euryarchaeota was higher in group A than in groups CK and B. The structure of the bacterial flora at the phylum level was basically similar for all samples within each group (Figure 3B). As can be seen from the heat map, most of the flora are higher in group B than in the other two groups in terms of content (Figure 3C). From the ternary plot, it can be seen that the abundance of Gracilibacteria was highest in group CK and Acidobacteriota, Proteobacteria, and Firmicutes in group B (Figure 3D). The final analysis of the species that differed between groups using SIMPLE revealed similar results to those of the previous graphs (Figures 3E, F).


TABLE 4 Relative abundance of species at phylum and genus levels.
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FIGURE 3
 Relative abundance of rumen flora at the phylum level. (A) Microbial composition between the three groups at the phylum level. (B) Microbial composition of all samples at the phylum level between the three groups. (C) OTU-based species abundance heat maps for different groups at the phylum level. (D) Ternary-phase diagram based on the phylum level. (E) Contribution of Simper difference between group CK and group A based on the phylum level. (F) Contribution of Simper difference between group CK and group B based on the phylum level.




3.4 Relative abundance of rumen flora at genus level

According to Table 4 and Figure 4A, at the genus level, the abundance of Papillibacter in the CK group was significantly lower than that in groups A and B (P < 0.05). The abundances of Bacteroides, Ruminococcus, Succiniclasticum, and Prevotella in group CK were higher than those in groups A and B. The abundance of Saccharofermentans in group B was higher than that in groups CK and A (P < 0.05). There was no significant difference in the abundance of other bacteria between the control group and the experimental group. There was no significant difference in the microflora content among all groups (Figure 4B). According to the heat map, compared with other groups, the bacteria in group CK with different expression content primarily belong to Firmicutes (Figure 4C). The content of Bacteroides in group CK was higher than that in groups A and B (Figures 4D–F). The content of Methanobrevibacter in groups A and B was higher than that in group CK (Figures 4E, F).
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FIGURE 4
 Relative abundance of rumen flora at the genus level. (A) Microbial composition between the three groups at the genus level. (B) Microbial composition of all samples at the genus level between the three groups (C) OTU-based species abundance heat maps for different groups at the genus level. (D) Ternary-phase diagram based on the genus level. (E) Contribution of Simper difference between group CK and group A based on the genus level. (F) Contribution of Simper difference between group CK and group B based on the genus level.




3.5 LEFse analysis and function prediction

According to LEFse analysis, significant differences occurred in the dominant flora of prickly ash seeds added in the rumen. A comparison of group CK and group A revealed that the dominant flora of the CK group was Faecalibacterium_prausnitzii. The dominant flora of group A was bacterium_P201, Papillibacteria, Oscillospiraceae, Methanobacteriales, and Lachnospiraceae_bacterium_CG2 (Figures 5B, F). A comparison of group CK and group B revealed that the dominant flora of group CK were Bactreoidota, unidentified_Prevotellaceae, and Acidaminococcales. The dominant flora of group B are then Fusobacteriota, Euryarchaeota, Bryobacter, Aeromonas_veronii, Fusobacteriaceae, Acidobacteriota, Saccharofermentans, Oscillospiraceae, Cetobacterium, and Bacteroides_paurosaccharolyticus (Figures 5C, D). The PICRUSt2 software package was used for functional prediction based on the KEGG database based on 16s sequencing data, and Stamp maps were drawn. The results showed that amino acid metabolism, carbohydrate metabolism, and the immune system in group A were significantly higher than those in group CK (P < 0.05), and antimicrobial activity and transport and catabolism in group CK were significantly higher than those in group A (P < 0.05) (Figure 5A). After comparison between group CK and group B, it was found that signal transduction, transcription, energy metabolism, cellular community-prokaryotes, cell motility and xenobiotics biodegradation, and metabolism in group B were significantly higher than those of group CK (P < 0.05). Glycan biosynthesis and metabolism, immune system, and antimicrobial activity in group CK were significantly higher than those in group B (Figure 5E).


[image: Figure 5]
FIGURE 5
 LEfSe analysis and PICRUST2 function prediction. (A) Functional differences between group CK and group A. (B) OTU-based evolutionary branching diagram between group CK and group A. (C) OTU-based evolutionary branching diagram between group CK and group B. (D) LDA value distribution histogram based on OTU between group CK and group B. (E) Functional differences between group CK and group B. (F) LDA value distribution histogram based on OTU between group CK and group A.




3.6 Correlation analysis of rumen microorganism and production traits

Through the analysis of the correlation between the phylum or genus level microorganisms and production traits, we found that many microorganisms had a significant correlation with production traits (Figures 6A, B). We have found many interesting phenomena. For example, b* and ADG(g/d) are positively correlated with Fusobacteriota, Acidobacteriota, Euryarchaeota, and Methanobrevibacter and negatively correlated with Bacteroidota. The total weight and dressing percentage were positively correlated with Fusobacteriota and Acidobacteriota. ADFI(g/d), F/G(g/d), and L* are negatively correlated with Fusobacteriota, Acidobacteriota, Methanobrevibacter, and Papillibacter. In addition, dressing percentage was negatively correlated with Bacteroidota. ADFI(g/d) was negatively correlated with Proteobacteria but positively correlated with Succiniclasticum. Saccharofermentans was positively correlated with ADG(g/d) but negatively correlated with ADFI(g/d) and L*. Shear force was negatively correlated with Papillibacter.
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FIGURE 6
 Correlation analysis between microorganisms and production traits. (A) Thermal map analysis of correlation between phylum level microorganisms and production traits. (B) Thermal map analysis of correlation between genus level microorganisms and production traits.





4 Discussion

As an important digestive organ of ruminants, the rumen microbes cannot function without the presence of various microorganisms in it, and the microbial diversity is closely related to species, age, diet, and feeding environment (Loh et al., 2020; Gresner et al., 2022). The digestion of more than 70% of carbohydrates and proteins in the feed is completed by rumen microorganisms (Wang et al., 2020; Zhang et al., 2021). Therefore, diet composition is an important factor affecting the structure and function of rumen microflora (Chai et al., 2021; Ge et al., 2023). Alpha diversity indexes can reflect the richness and diversity of species in the samples, of which the ACE index and Chao1 index were mainly related to the richness of microbial communities, and the larger the value, which indicates that there were more species in the samples, the higher the richness; whereas the Shannon index and the Simpson index were related to the diversity of microbial communities; the larger the Shannon index, the higher the diversity of microbial communities, and the smaller the Simpson index, the higher the diversity of microbial communities (Jiang et al., 2022; Li et al., 2022). Rumen microorganisms play an important role in the health and growth of sheep, and the higher the diversity of rumen microorganisms, the more stable the microbial ecosystem, which is more beneficial to the growth of sheep (Wang et al., 2023b). In this experiment, through alpha diversity index analysis, it was found that the Chao1 and Ace indices of the two experimental groups were significantly higher than those of the control group, indicating that prickly ash seeds had a significant impact on the abundance of rumen microorganisms, and rumen flora was more abundant in the experimental group. The beta diversity index is a comparative analysis of the microbial community composition of different samples. We choose four methods to carry out this analysis. All the methods showed that the degree of microbial community differences within groups was smaller than that between groups. PCoA showed that the CK group and two experimental groups were significantly separated. PCA and NMDS analysis showed that the three groups could be distinguished from each other. ANOSIM showed that there were significant differences among all groups. However, the three groups of sheep were not significantly separated in NMDS analysis, which was significantly different from PCA and PCoA, which may be due to differences in the clustering methods. At the same time, through the UPGMA tree diagram at the phylum level, we found that the dominant bacteria genera of all the sheep tested at the phylum level were Bacteroidota and Firmicutes, and the rumen flora structure in group CK and group B was similar, while the rumen flora structure in group A was different. Although the rumen microflora structure of sheep was affected by the amount of Prickly Ash Seeds (PAS) added, there were still individual differences in the same group of sheep (Sato et al., 2023).

There is a symbiotic relationship between ruminants and rumen microorganisms. The organism provides a suitable environment for microorganisms to grow, while the microorganisms decompose nutrients in the rumen for absorption and utilization by the organism (Malmuthuge and Guan, 2017). The composition and difference of rumen microorganisms in three groups of sheep were analyzed. We found that, after the addition of PAS, the upregulated microorganisms in sheep rumen included Methanobacteria, Papillibacter, Fusobacteriota, Acidobacteriota, Euryarchaeota, Saccharofermentans, Proteobacteria, and Oscillospiraceae, among others. Methanobacteria is a group of specialized methane-producing microorganisms that exist in the rumen of ruminants. They convert hydrogen and carbon dioxide or carbon monoxide into methane via the methanation pathway, a process that is critical for pH balance and energy metabolism in the rumen. In the gut of animals such as sheep (Drancourt et al., 2021), Euryarchaeota is also involved in methane production (Goffredi et al., 2008). Papillibacter helps the host break down food, promotes nutrient absorption, and is involved in maintaining microecological balance in the gut (Bonyadian et al., 2018). Saccharofermentans can produce acetic acid by fermenting carbohydrates, which contributes to the acidification of the rumen environment and the energy supply of the animals. Oscillospiraceae helps the host digest, absorb nutrients, and maintain intestinal barrier function (Aljumaah et al., 2022). In addition, it was found that the microorganisms that decreased the rumen content after PAS addition included Bacteroidota, Acidaminococcales, Faecalibacterium_Prausnitzii, Firmicutes, Gracilibacteria, Bacteroides, Prevotella, and Ruminococcus. Ruminococcus plays an important role in digesting resistant starch, and Prevotella is often considered a bacterium associated with a healthy plant-based diet, acting as a “probiotic” in the human body (Cheng et al., 2023). Prevotella plays a role in the diagnosis and treatment of inflammation-related diseases (Yang et al., 2018). Firmicutes can indirectly connect with other tissues and organs through metabolites and regulate hunger and satiety (Zhou et al., 2022a). Bacteroidetes and Firmicutes are often the “core microbiome” of rumen in ruminants, and this study was no exception in substantiating the abovementioned finding (Weimer, 2015). These two dominant phyla work together to promote the degradation of fibrous and non-fibrous materials in the rumen to produce acetic acid and propionic acid for absorption and utilization by the body (Ye et al., 2022; Zhou et al., 2022b). As a dominant phylum in the rumen, the main role of Bacteroidota is to promote the degradation of complex organic matter in ruminants, such as the degradation of carbohydrates, which can help the host to absorb and utilize polysaccharides efficiently (An et al., 2023; Wang et al., 2023c). Therefore, the experiment showed that the high addition of prickly ash seeds may have negative effects on the digestive function in the rumen. In conclusion, the richness and diversity of rumen flora of sheep can be enhanced by adding prickly ash seeds in the diet, and the diet supplemented with 3% prickly ash seeds may be more beneficial to the healthy development of sheep rumen. Some beneficial bacteria that have special effects in improving immunity and other aspects may work together to enhance sheep production traits.

Based on the above research results and the previous research results (Ma et al., 2024), the correlation analysis was carried out on the relationship between rumen microorganisms and production traits. It was found that Papillibacter were inversely correlated to ADFI(g/d), F/G, L*, and shear force, and Papillibacter may be associated with weight management and obesity (Zong et al., 2023). Saccharofermentans belongs to butyric acid-oxidizing bacteria, which can produce short-chain fatty acids such as butyric acid through fermentation (Li et al., 2018). With the addition of PAS, Saccharofermentans content and ADG(g/d) increased. It is likely that Saccharofermentans can reduce ADFI(g/d) while increasing ADG(g/d) in sheep. Methanobrevibacter is positively correlated with ADG(g/d) and may play a role in weight regulation by affecting the digestion of food and the absorption of calories. Euryarchaeota is able to produce a short-chain fatty acid called butyric acid, which is believed to help control appetite and fat storage (He et al., 2022; Li et al., 2023b). Fusobacteriota can also produce metabolites that are beneficial to the human body, such as pyruvate and butyric acid, which play an important role in intestinal health and the regulation of the immune system (Bleicher et al., 2022; Guo et al., 2022). It was found that Fusobacteriota, Acidobacteriota, and Euryarchaeota were positively correlated with ADG and negatively correlated with ADFI and F/G. The increase of these bacteria content may contribute to the increase of the average daily gain of sheep, the decrease of the average daily feed intake, and the decrease of the feed to gain ratio.



5 Conclusion

This study revealed the effects of adding different proportions of prickly ash seeds on the rumen flora of Hu sheep lambs and correlated the top ten bacteria in terms of relative abundance of species at the phylum and genus level with production traits. The results showed that the addition of different levels of prickly ash seeds could increase the diversity and abundance of sheep rumen microorganisms, influence the composition of sheep rumen community, and increase the content of rumen beneficial bacteria. It also promoted metabolic capacity and immune system in lambs. However, the addition of 6% prickly ash seeds resulted in greater changes in rumen flora, an increase in harmful bacteria, and a possible decrease in the excretory system and the immune system. Correlation analysis showed that Fusobacteriota, Acidobacteriota, Euryarchaeota, and Methanobrevibacter were positively correlated with ADG(g/d) and negatively correlated with ADFI(g/d) and F/G. Therefore, the present study provides new insights on improving rumen health of sheep through the addition of green additives and provides some help in understanding the correlation between rumen flora and production traits.
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Introduction: Gut microbiota are associated with the health and performance of ruminant species, and they are affected by altitude, host genetics, and sex. However, there has been little research on comparing the fecal microbiota of indigenous small ruminants such as sheep and goats in Guizhou province, China. In the present study, we revealed the effect of altitude, genetics, and sex on fecal microbiota profiles and enterotypes in indigenous small ruminants of Guizhou province, China.

Methods: Fecal samples were collected from Hei and Qianbei Ma goats and Weining sheep in the Chinese province of Guizhou. 16S rRNA gene sequencing targeting the V3–V4 region was performed using the Illumina MiSeq platform. Sequences were processed using QIIME2, and the qualified sequences were processed using the plugin DADA2 to generate amplicon sequence variants (ASVs). The statistical analysis was performed using R studio.

Results: The fecal microbial profile was found to vary by herd (influenced by genetics/altitude) and sex. All samples were categorized into two enterotypes. The first enterotype is dominated by UCG-005, and the second enterotype is dominated by the Christensenellaceae_R-7_group, which may be highly driven by the host's genetics (breed). The predicted functional profiles of the fecal microbiota were also assigned to two clusters that corresponded exactly to the enterotypes. Cluster 1 of the functional profiling was characterized by biosynthesis pathways, and cluster 2 was characterized by energy metabolism pathways.

Discussion: Our findings may provide new insights into the fecal microbial community and enterotypes in small ruminants by herds, offering clues for understanding the mechanisms by which the fecal microbiota contribute to divergent host phenotypes in indigenous small ruminants in Guizhou.

Keywords
fecal microbiota, goat, sheep, enterotypes, Guizhou


Introduction

In southwest China, the altitude of Guizhou province ranges from 200 m (east) to 2,800 m (west), and it is considered the Guizhou Plateau. Multiple domestic animal species, such as cattle, sheep, and goats, are pastured in this area by farmers. In 2022, the ruminant population in Guizhou was 875 million (with cattle accounting for 485 million and sheep and goats making up 390 million), contributing to approximately 3% of the local agricultural output. Among them, small ruminants raised in this area contribute to a large proportion of the livestock industry (5%), and are thus of great economic value.

It has been shown that the composition of gut microbiota is influenced by common factors including genetics, sex, and altitude (Moeller and Sanders, 2020; Bai et al., 2022; Guo et al., 2022). In addition, rumen microbiota are essential for converting recalcitrant plant materials into nutrients for the host and for maintaining bovine health (Lopes et al., 2019; Virgínio Júnior and Bittar, 2021), while fecal microbiota are indicators of hindgut microbiota, which are involved in the last stage of plant material digestion and absorption and in supporting host health (Mao et al., 2015; Guo et al., 2020; Wang et al., 2023). Therefore, the impact of altitude, genetics, and sex on rumen and fecal microbiota of ruminants has attracted increasing attention. Recent studies have suggested that the fecal microbiome and metabolomics of Sanhe heifers (Zhang et al., 2023), as well as rumen microbiota composition and fermentation profiles, change with altitudes (Han et al., 2022). In addition, the composition and function of the fecal microbiota in wild blue sheep vary with sex (Zhu et al., 2020), as do the composition and fermentation profiles of rumen microbiota (Guo et al., 2022). Furthermore, the evenness of fecal bacterial (Mahayri et al., 2022) and the composition of rumen bacteria (Wu et al., 2020) are affected by host genetics. These results indicate that altitude, host genetics, and sex are important factors that can affect the diversity and composition of gut microbiota. Although some studies have been conducted to explore the rumen microbiota community of local goats in Guizhou (Tian et al., 2021, 2022; Zhou et al., 2022), there has been little research on comparing the fecal microbiota of indigenous small ruminants such as sheep and goats in Guizhou province, China.

In the current study, we collected fecal samples from three individual herds consisting of two goat breeds and one sheep breed living between 1,000 and 2,200 m above sea level (a.s.l) in a high-mountain ecosystem. We included both male and female animals from each population to determine the effect of altitude, genetics, and sex on fecal microbiota profiles and enterotypes in small ruminants.



Materials and methods


Animals and sampling

The sheep and goats used in this study were aged between 2 and 4 years, and the experiment was conducted between July and August 2022. In this study, 35 fecal samples were collected from Weining sheep (H) (F = 23 and M = 12), 23 from Qianbei Ma goats (L) (F = 11 and M = 12), and 32 from Hei goats (M) (F = 16 and M = 16), raised in Weining (26°36′N, 103°36′E; 2,200 m), Xishui (28°19′N, 106°12′E; 1,040 m), and Weining (26°44′N, 104°39′E; 1,900 m), respectively, in Guizhou, China. The Weining sheep (a dual-purpose breed for wool and meat) and Hei goats (meat) grazed freely in the natural pasture, and the dominant and associated plant genera included Digitaria, Poa, Agrostis, and Festuca. The Weining sheep and Hei goats were corralled the night before the sample collection. The Qianbei Ma goats (a dual-purpose breed for wool and meat) were housed indoors and fed a basal diet twice daily (9:00 and 17:00), with free access to water, as described in a previous study (Fu et al., 2022), and weaned at 3 months of age. Before the morning feeding and grazing, the fecal samples were collected from the rectum of the animals using clean disposable latex gloves and were frozen in liquid nitrogen immediately and then stored at −80°C until further analysis.



DNA extraction and amplicon sequencing

Total genomic DNA was extracted from the fecal samples using a QIAamp DNA stool mini kit (Qiagen, Valencia, CA, US) following the manufacturer's instructions. The concentration of the extracted DNA was checked using a Nanodrop spectrophotometer (Thermo Scientific, Wilmington, DE, US). The qualified DNA was then amplified using the primer set 338F/806R targeting the hypervariable V3–V4 regions of bacterial 16S rRNA following standard PCR conditions (Kim et al., 2021). The qualified PCR products were sequenced using the Illumina MiSeq platform (2 × 300 paired-end sequencing runs). All the data used in this study are available in the National Center for Biotechnology Information Sequence Read Archive (NCBI SRA) under the accession number PRJNA1006184.



Bioinformatics and statistical analysis

Sequences were processed using QIIME2 (v 2022.2) (Bolyen et al., 2019). After demultiplexing, the sequences were quality filtered, the chimera was removed, and the subsequent reads were merged using the plugin DADA2 to generate amplicon sequence variants (ASVs) (Callahan et al., 2016). Then, a taxonomic classification of the ASVs was obtained using the plugin q2-feature-classifier against the SILVA 132 99% reference database (Kim et al., 2021). For diversity analysis, the sequences were rarefied to 16,006 reads per sample to avoid uneven sequencing depth. Furthermore, the alpha diversity was determined using Shannon and Chao1 indices, while the beta diversity was estimated based on the Bray–Curtis distances, which was then presented in a principal coordinate analysis (PCoA) plot. Finally, microbial functional predictions and pathway inferences were performed using PICRUSt2 based on the MetaCyc database (Caicedo et al., 2020). The statistical data analysis was conducted using R studio (version 3.5.3). For example, the differential abundance of the taxonomic composition (at the phylum and genus levels) and the Metacyc pathways among herds were determined by conducting linear discriminant analysis effect size (LEfSe) (Segata et al., 2011). A differential analysis of the alpha diversity among herds was conducted using the Kruskal–Wallis test followed by Dunn's post hoc multiple-comparison text. A Mann–Whitney U test was performed to compare the median similarities of the alpha diversity between female and male animals within each herd. Differences in the microbial composition within each herd were calculated using DESeq2 (Love et al., 2014). The effect of herd and sex on the beta diversity was evaluated using PERMANOVA with the default parameter (Anderson, 2014). Taxa that occurred in at least 25% of the animals within each herd and had a relative abundance of >0.1% were retained for the subsequent analysis.

Enterotype clusters at the genus level were calculated using the Jensen–Shannon divergence (JSD) distance and the Partitioning Around Medoids (PAM) clustering algorithm (Mobeen et al., 2018). The optimal number of clusters was determined using the Calinski–Harabasz (CH) index, while the robustness of the clusters was evaluated using the Silhouette index (Mobeen et al., 2018). The Mann–Whitney U test was employed to determine the differential microbial taxa between enterotypes, and the taxa with the highest relative abundances among these differential microorganisms were regarded as the proxy of the enterotypes (Huang et al., 2022). Values were represented as the mean ± standard error of the mean (SEM) unless otherwise noted. Statistical significance was set at a p-value of < 0.05.




Results


Fecal microbiota characteristics in small ruminants among different herds

After quality control, a total of 1,794,289 sequences with an average of 19,936 sequences per sample were obtained and assigned to 8,564 ASVs (Table 1). The Good's coverage for all animals was found to be over 99.97%, indicating that the sequencing depth covered most of the fecal bacteria. The Shannon and Chao1 indices were higher in the M herd among the three herds (Figure 1A), and the bacterial community displayed a clear separation based on the herd under study (PERMANOVA P = 0.001, Figure 1B).


TABLE 1 The detailed information of the sample of different herdsa and sequence features obtained using the DADA2 algorithm.
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FIGURE 1
 Fecal microbial community composition in small ruminants among different herds. Alpha (A) and Beta (B) diversities at different herds. (C) Fecal bacterial composition at the phylum level. (D) Differential fecal bacterial taxa within different herds. * p< 0.05, ** p< 0.01, and *** p< 0.001. L, Qianbei Ma goats; M, Hei goats; H, Weining sheep.


For the taxonomic profile, a total of 11 phyla were identified according to the selected criteria mentioned in the Materials and Methods section, with Firmicutes (78.7 ± 0.01%) and Bacteroidota (14.8 ± 0.01%) (synonym Bacteroidetes) being the predominant taxa in the fecal microbiome (Figure 1C, Supplementary Table S1). The relative abundances of Cyanobacteria and Patescibacteria were significantly different between different herds (p < 0.05, Figure 1C). In total, 108 genera were identified based on the selected criteria, of which UCG-005 (12.1 ± 0.005%) was the dominant genus, followed by Christensenellaceae_R-7_group (11.2 ± 0.004%), f.Lachnospiraceae (5.7 ± 0.002%), UCG-010 (3.7 ± 0.001%), Clostridia_UCG-014 (3.4 ± 0.002%), and Rikenellaceae_RC9_gut_group (3.0 ± 0.002%) (Supplementary Table S2). Among these, a total of 34 bacterial genera were differentially identified among different herds (Figure 1D). Specifically, the fecal microbiota of the L herd was enriched with Bacillus (L: 5.1%, M: 0, and H: 1.1%) and Ruminococcus (L: 3.7%, M: 1.9%, and H: 1.4%) (Figure 1D, Supplementary Table S2). Moreover, the relative abundances of UCG_005 (M: 16%, L: 13.1%, and H: 7.9%) and Clostridia_UCG_014 (M: 5.2%, L: 3.3%, and H: 1.9%) were found to be overrepresented in the M herd (Figure 1D, Supplementary Table S2). In addition, the relative abundances of Romboutsia (H: 4.5%, L: 1.5%, and M: 2.3%) and F082 (H: 2.4%, L: 0.3%, and M: 0.2%) were greater in the H herd (Figure 1D, Supplementary Table S2). The Venn diagram showed that 51 genera were shared by all herds and that the L herd and M herd shared more taxa with each other than with the H herd. Each herd had unique taxa, and the number of unique genera in the H herd (n = 17) was greater than that in the M herd (n = 8) and the L herd (n = 9) (Supplementary Figure S1).



Effect of sex on the composition of the fecal microbiota

To determine whether sex affects the fecal microbiota profile, the microbial composition between female and male animals within each herd was compared. The alpha diversity (Shannon and Chao1) indices did not differ between the female and male animals in the L herd and H herd, whereas the Shannon index was greater in male animals than in female animals in the M herd (Figure 2A). The principal coordinate analysis (PCoA) based on Bray–Curtis distances displayed a clear separation between female and male animals within each herd (PERMANOVA p < 0.05, Figure 2B).
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FIGURE 2
 Effect of sex on fecal microbial community composition within each herd. Alpha (A) and Beta (B) diversities between female and male animals within each herd. (C) Fecal microbial composition between female and male animals at the phylum level. (D) Differential microbial taxa between female and male animals within each herd. * p< 0.05. L, Qianbei Ma goats; M, Hei goats; H, Weining sheep.


Taxonomic profiles were analyzed to evaluate and determine variations in the bacterial structure between female and male animals within each herd. Overall, the dominant phyla were Firmicutes (female vs. male 80.4% vs. 80.6%), Bacteroidota (female vs. male: 14.2% vs. 14.3%), and Actinobacteriota (female vs. male: 1.9% vs. 1.8%) in the M herd, and the relative abundances of Fibrobacterota (female vs. male: 0.1% vs. 0.4%) and Desulfobacterota (female vs. male: 0.07% vs. 0.1%) were greater in male animals than in female animals (p < 0.05). In addition, the relative abundance of Verrucomicrobiota (female vs. male: 1.3% vs. 0.6%) was greater in female animals than in male animals in the M herd. Similarly, the predominant phyla in the L herd and H herd were Firmicutes (L: 81.8% vs. 80.6%; H: 75.5% vs. 75.2%), Bacteroidota (L: 12.9% vs. 13.3%; H: 15.2% vs. 18.8%), and Actinobacteriota (0.35% vs. 0.75%). Patescibacteria (0.46% vs. 0.98%) were lesser in female animals than in male animals in the L herd (p < 0.05, Figure 2C). Furthermore, the relative abundance of Actinobacteriota was greater in female animals than in male animals in the H herd (Figure 2C). At the genus level, the top four most abundant genera were UCG-005, Christensenellaceae_R-7_group, Lachnospiraceae, and UCG-010 within each herd (Supplementary Table S2), and the relative abundances of Lachnospiraceae and UCG-010 were distinct between female and male animals from the L herd and H herd (Figure 2D).



Enterotype profile of bacterial community

A total of 90 fecal samples were divided into enterotypes 1 and 2 using principal coordinate analysis (PCoA) (Figure 3A), and the enterotypes were mainly driven by genera UCG-005 (enterotype 1, n = 54) and Christensenellaceae_R-7_group (enterotype 2, n = 36) (Figure 3B), respectively. All samples from the M herd and 22 samples from the L herd belonged to enterotype 1, whereas all samples from the H herd and 1 sample from the L herd belonged to enterotype 2 (Figure 3C).
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FIGURE 3
 Analysis of enterotypes in the fecal microbiota in small ruminants among different herds. (A) Principal coordinate analysis plot based on the Jensen–Shannon divergence distance at the genus level. (B) Relative abundances of representative genera in each enterotype. (C) Number of samples belonging to the enterotypes of each herd.


The fecal bacterial community functions of enterotypes 1 and 2 were predicted and stratified, and the metabolic pathway abundances were investigated. Non-metric multidimensional scaling (NMDS) based on Bray–Curtis distances was used to depict the clustering of metabolic functional profiles, and two functional clusters (1 and 2) that corresponded to enterotypes 1 and 2 were obtained (ANOSIM R = 0.57, p < 0.001, Figure 4A). A total of 371 MetaCyc metabolic pathways potentially encoded by fecal bacteria were predicted, of which 211 metabolic pathways were differentially represented between clusters 1 and 2, with 92 pathways being enriched in cluster 1 and 119 in cluster 2 [Linear discriminant analysis (LDA) > 2, p < 0.05, Supplementary Table S3]. Moreover, the abundances of the top 20 ranked metabolic pathways belonged mainly to biosynthesis (amino acid biosynthesis, fatty acid and lipid biosynthesis, and nucleoside and nucleotide biosynthesis), while only three metabolic pathways mapped to the generation of precursor metabolites and energy (glycolysis, pentose phosphate, and fermentation pathways) (Figure 4B). Of these, 10 were overrepresented in cluster 2 (Figure 4B).
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FIGURE 4
 Comparison of functional pathways between enterotype groups. (A) The non-metric multidimensional scaling (NMDS) plot of the functional profile of the fecal bacterial communities between enterotypes 1 and 2 based on the Bray–Curtis distances. (B) The top 20 ranked MetaCyc pathways between enterotypes 1 and 2. The red font represents the MetaCyc pathways belonging to biosynthesis, while the blue font represents the MetaCyc pathways belonging to the generation of precursor metabolites and energy. *** p< 0.001.





Discussion

Small ruminants play an important role in the global food economy, and their fecal microbiota play key roles in host metabolism and productivity performance. However, considering the importance of fecal microbial composition to the host, few studies have been conducted to explore it and its potential influential factors on indigenous small ruminants in the Chinese province of Guizhou. This study provides a comprehensive overview of the fecal bacterial microbial profiles across three local ruminant breeds (two goat breeds and one sheep breed) living in different areas of Guizhou and demonstrates that fecal microbial communities differ according to sex and herd (genetics/altitude). Furthermore, two enterotypes were identified, with enterotype 1 dominated by UCG-005 and enterotype 2 by Christensenellaceae_R-7_group. In addition, the predicted functional profiles of the fecal microbiota were divided into two functional clusters that corresponded to the identified enterotypes.

In the present study, the Shannon diversity was significantly different among ruminant species. This is consistent with previous reports on other ruminant species (O'Donnell et al., 2017; Chang et al., 2020), where the diet varied across species. However, a recent study reported that there was no significant difference in the alpha diversity of fecal microbiota between sheep and goats when they were fed the same diet (Shabana et al., 2021). This discrepancy suggests that diet supersedes host species in shaping the fecal microbiota (Wei et al., 2021). Moreover, the Firmicutes/Bacteroidota ratio varied across species. It was reported that Firmicutes and Bacteroidetes are involved in the digestion of carbohydrates and proteins, and the Firmicutes/Bacteroidota ratio is positively associated with average daily gain (ADG) and the milk fat composition in bovines (Maslen et al., 2023). In addition, host-specific taxa were found in each ruminant species. For instance, Bacteroidales_BS11_gut_group was detected uniquely in the H herd, Succiniclasticum was detected uniquely in the L herd, while Olsenella was detected uniquely in the M herd. Bacteroidales_BS11_gut_group specializes in fermenting hemicellulose monomeric sugars and acetate production (Solden et al., 2017). Succiniclasticum, a type of amylolytic bacteria, possesses the ability to convert succinate to propionate (Zhang et al., 2018). Olsenella could produce lactic acid from glucose fermentation (Gaowa et al., 2021). Thus, we hypothesized that variations in the composition of fecal microbiota among different species may contribute to the differences in the feed utilization of the host since fecal microbiota are host-specific and associated with host phenotypes (Mallott and Amato, 2021; Andrade et al., 2022).

In addition, the Shannon diversity was significantly higher in the L herd (low altitude) and M herd (median altitude) compared to the H herd (high altitude), which is consistent with a previous study on Tibetan humans and pigs (Zeng et al., 2020). However, a recent study on mammals (macaques, humans, and dogs) found that Shannon diversity was higher in high-altitude populations than in their low-altitude counterparts (Zhao et al., 2023), and similar observations were also seen in mice under simulated high-altitude environments (Wang F. et al., 2022) and in Tibetans (Lan et al., 2017). These controversial results indicate that altitude is not the only driver of fecal microbiota alpha diversity since genetic background, life environments, and diet also act as the deterministic drivers in shaping it (Zeng et al., 2020). Recent studies have reported that the profile of fecal microbiota is mainly influenced by altitudes in indigenous animals (Ma et al., 2019) and that the yak fecal microbial community shows a clear clustering of taxa according to altitudes (Liu et al., 2021). Thus, we speculated that variations in altitude may have contributed to the differences in the fecal bacterial community of the small ruminants in the current study. Firmicutes and Bacteroidota were the most abundant phyla in the fecal microbiota across altitudes; this finding is supported by the results of the previous studies on ruminants (Lei et al., 2018; Cui et al., 2019; Liu et al., 2019), highlighting that they are essential components of the fecal microbiota in ruminants. In this study, the Firmicutes/Bacteroidota ratio showed a noticeable downward trend in the H herd (high altitude) compared to the L herd (low altitude) and the M herd (medium altitude). However, multiple studies have consistently indicated that small ruminants living at high altitudes, such as Tibetan antelope, European mouflon, and blue sheep, exhibit a higher Firmicutes/Bacteroidota ratio compared to their low-altitude counterparts (Ma et al., 2019; Sun et al., 2019). Moreover, it has been demonstrated that the Firmicutes/Bacteroidota ratio influences cardiorespiratory fitness (Durk et al., 2019) and is treated as an indicator of gut dysbiosis (Yu et al., 2019). In addition, the Firmicutes/Bacteroidota ratio changed with diet (Zhang et al., 2018b) and was positively associated with energy harvest (Wang F. et al., 2022). Furthermore, the high ratio of Firmicutes to Bacteroidetes was beneficial to the utilization of plant cellulose in pikas (Li et al., 2016). Based on these findings, we postulated that changes in the ratio of Firmicutes to Bacteroidota across altitudes facilitates a high-altitude adaptation of the host (Wang X. et al., 2022), which may be attributed to noticeable differences in dietary habits (Li and Zhao, 2015).

At the genus level, the relative abundances of Romboutsia, Lysinibacillus, Peptostreptococcaceae, Christensenellaceae, Defluviitaleaceae_UCG_011, Candidatus_Saccharimonas, Paenibacillus, and Solibacillus were greater in the H herd (high altitude) than in other herds (low and medium altitudes). The microbes that are overrepresented in the high-altitude area probably perform important functions for the host. For instance, members of Lysinibacillus isolated from the Taihu Lake are iron-reducing strains (Li et al., 2023), and hypoxia signaling links erythropoiesis with iron homeostasis (Renassia and Peyssonnaux, 2019). Furthermore, Paenibacillus spp. can produce a variety of exopolysaccharides (EPSs) that have been proven to have antioxidative properties, and antioxidants play a crucial role in the adaptation of animals to high-altitude environments (Zeng et al., 2017). In addition, Paenibacillus polymyxa 10 could enhance the growth performance of broilers by improving intestinal health (Wang et al., 2021). Christensenellaceae contributes to the host health by modulating lipid metabolism (Shen et al., 2021). Moreover, Solibacillus acts as probiotics against pathogens, such as Aeromonas and Pseudomonas (Ayoola et al., 2023). Taken together, these potential probiotics in the H herd may help animals improve metabolic function and maintain intestinal homeostasis to adapt to high-altitude environments. More research is warranted to substantiate the ecological functions of these bacteria in high-altitude small ruminants. Contrary to the observed potential probiotics, two potential pathogenetic bacteria were also enriched in the H herd. Romboutsia functions as a potential pathobiont in ulcerative colitis (Wang F. et al., 2022), while Defluviitaleaceae_UCG_011 is positively associated with intestinal dysbiosis (Yang et al., 2023). These results suggest that high altitude may increase the number of pathogenic bacteria that induce intestinal dysfunction (Wan et al., 2022) and climate change may lead to wider spreading of pathogens (Rocklöv and Dubrow, 2020). The relative abundances of fiber-degrading bacteria such as Bacillus and Ruminococcus (Pandit et al., 2018) were enriched in the L herd (low altitude) compared to other herds. Ruminococcus converts cellulose, hemicellulose, and other polysaccharides into acetate and succinate (La Reau and Suen, 2018) and is positively associated with fumaric acid concentration that inhibits rumen methane production (Hu et al., 2020). Bacillus produces amino acids, stimulates protein synthesis, and is a major reservoir of lipolytic enzymes (Mukendi et al., 2018). In this study, the relative abundance of UCG_005 was greater in the M herd (medium altitude) than in the other herds. Members of this genus enhance fiber digestion (Yang et al., 2020) and are related to the production of ruminal acetate and total short-chain fatty acids (SCFAs) (Li et al., 2021). In addition, UCG_005 produces butyric acids that enhance the intestinal surface area, improving calcium absorption (Zhou et al., 2023). The differentially abundant profile in fecal bacteria across altitudes suggests that the fecal microbiota follow a divergent pattern in functional adaptation according to the external environment, genetic background, or diet resources (Zhang et al., 2018b).

In the present study, the fecal microbiota composition differed between male and female animals within each herd, which is consistent with the findings of a recent study on fecal microbiota composition in different ruminant species on the Qinghai-Tibetan Plateau that identified sex as one of the key factors influencing the fecal microbiota composition (Wang X. et al., 2022). Sex-related differences in fecal microbiota composition were also observed in Hanwoo cattle (Sim et al., 2022), Chinese forest musk deer (Zhao et al., 2019), and Dromedary camels in Saudi Arabia (Elbir and Alhumam, 2022). In this study, a greater abundance of UCG−010 in male animals and a greater abundance of Streptococcus in female animals in the L herd were observed. UCG−010 is crucial for fiber degradation (mainly in cellulose digestion) and biohydrogenation process of converting dietary polyunsaturated fatty acids (PUFAs) to saturated fatty acids (SFAs) (Guerra et al., 2022). Streptococcus is a key probiotic in ruminant feedings (Kulkarni et al., 2022), and a bacteriocin produced by Streptococcus bovis can reduce methane emissions from ruminants (Lee et al., 2002). In addition, the abundance of Anaerocolumna was higher in female animals than in male animals, whereas Lachnospiraceae was greater in male animals than in female animals in the H herd. Anaerocolumna has the potential to degrade lignin and chitin (Ueki et al., 2019; Xu et al., 2021), while Lachnospiraceae plays an important role in fiber digestion (Yang et al., 2020). These findings suggest that the fecal microbiota community varies with sex, which may be ascribed to different sex hormones (Kim, 2023) and diet preferences between male and female animals (Lee et al., 2017).

The predicted outcomes of the bacterial community structure (enterotype) can be highly dependent on host genetics rather than on altitude and the sex of the collected sample, as demonstrated in the current study. This finding is in contradiction with previous studies on other ruminant species and humans, where the enterotypes were diet-driven (Wu et al., 2011; Hicks et al., 2018; Couch et al., 2021). However, it has been demonstrated that host genetics is an important contributor to the enterotype of individual fecal microbiota in humans and pigs (Lim et al., 2014; Ma et al., 2022), and the gut microbiome is host-specific (Mallott and Amato, 2021). Thus, the division of fecal microbiota into different enterotypes between goats and sheep could be expected. In this study, enterotype 1 and enterotype 2 were characterized by UCG-005 and Christensenellaceae_R-7_group, respectively. Consistent with our observation of the enrichment of biosynthesis pathways (i.e., amino acid biosynthesis and fatty acids) in enterotype 1, species of UCG-005 are associated with acetate and SCFA production and increased intestinal absorption of nutrients (Li et al., 2021; Zhou et al., 2023). In addition, the pathways associated with energy metabolism (glycolysis II from fructose 6-phosphate, glycolysis I from glucose 6-phosphate, and aerobic respiration I cytochrome c) were enriched in enterotype 2. Christensenellaceae_R-7_group plays an important role in degrading carbohydrates and amino acids to acetate and ammonia, with acetic and butyric acids as fermentation end products (Chen et al., 2020), contributing to the enrichment of energy metabolism pathways in enterotype 2. In our study, the pathways associated with energy metabolism were significantly enriched in the H herd (high altitude) compared to the other herds. This finding is supported by a study on Tibetans and Tibetan pigs, where the relative abundances of energy metabolism pathways were significant in high-altitude groups (Zeng et al., 2020). These findings suggest that fecal microbiota helps the host in adapting to high-altitude energy requirements by modulating relevant metabolic functions.

One of the limitations of the current study was the lack of data on blood oxygen levels. It was reported that blood oxygen level is an important factor that affects the intestinal microbial community (Zhang et al., 2018a) via maintaining the balance between aerobic and anaerobic environments in the intestinal epithelium (Bai et al., 2022); thus, data on blood oxygen level should be taken into consideration in future studies. Furthermore, samples from different ruminant species at the same altitude were not collected. Future studies with more and larger-scale samples from different ruminant species at the same altitude (below 1,000 m and above 3,000) are warranted to verify the findings in this study.

In conclusion, this study characterized bacterial fecal microbiota in indigenous small ruminants living in different areas of Guizhou. The microbiota were clustered into two enterotypes led by UCG-005 (E1) and Christensenellaceae_R-7_group (E2), which were highly dependent on host genetics (breeds), although altitude and sex also contributed to the differences in the fecal microbiota community. In addition, the fecal microbiota enterotypes corresponded to the clustering of functional prediction profiles, confirming the existence of these two enterotypes in our animal cohort. These results provide detailed and novel insights into the composition, function, and enterotypes in the fecal microbiota of local sheep and goats in Guizhou, which may help us understand how fecal microbiota contribute to different host phenotypes in indigenous small ruminants and their adaptation mechanism in high-altitude environments.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found below: https://www.ncbi.nlm.nih.gov/, PRJNA1006184.



Ethics statement

The animal study was approved by the Animal Ethics Committee of Guizhou University. The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

WG: Conceptualization, Formal analysis, Writing – original draft, Writing – review & editing. TL: Data curation, Visualization, Writing – review & editing. WW: Formal analysis, Methodology, Writing – review & editing. YY: Methodology, Software, Writing – review & editing. AN: Conceptualization, Supervision, Visualization, Writing – review & editing. MZ: Conceptualization, Supervision, Validation, Visualization, Writing – review & editing. XC: Funding acquisition, Project administration, Writing – review & editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This work was supported by the National Natural Science Foundation of China (NSFC, No. 32260835), the Science and Technology Project of Guizhou Province (Qian Kehe Foundation-ZK [2022] Key 033), and the Guizhou High Level Innovative Talents Project (Qian Kehe Platform Talents [2022] 021-1).



Acknowledgments

We would like to thank Compute Canada (http://www.computecanada.ca) for computing resources and guidance during data 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.



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2024.1415230/full#supplementary-material



References

 Anderson, M. J. (2014). “Permutational multivariate analysis of variance (PERMANOVA),” in Wiley StatsRef: Statistics Reference Online, 1–15.

 Andrade, B. G. N., Bressani, F. A., Cuadrat, R. R. C., Cardoso, T. F., Malheiros, J. M., de Oliveira, P. S. N., et al. (2022). Stool and ruminal microbiome components associated with methane emission and feed efficiency in nelore beef cattle. Front. Genet. 13:812828. doi: 10.3389/fgene.2022.812828

 Ayoola, M. B., Pillai, N., Nanduri, B. Jr, M. J. R., and Ramkumar, M. (2023). Predicting foodborne pathogens and probiotics taxa within poultry-related microbiomes using a machine learning approach. Animal Micr. 57, 1–27. doi: 10.1186/s42523-023-00260-w

 Bai, X., Liu, G., Yang, J., Zhu, J., Wang, Q., Zhou, Y., et al. (2022). Changes in the gut microbiota of rats in high-altitude hypoxic environments. Microbiol. Spectr. 10, e01626–e01622. doi: 10.1128/spectrum.01626-22

 Bolyen, E., Rideout, J. R., Dillon, M. R., Bokulich, N. A., Abnet, C. C., Al-Ghalith, G. A., et al. (2019). Reproducible, interactive, scalable and extensible microbiome data science using QIIME 2. Nat. Biotechnol. 37, 852–857. doi: 10.1038/s41587-019-0209-9

 Caicedo, H. H., Hashimoto, D. A., Caicedo, J. C., Pentland, A., and Pisano, G. P. (2020). Overcoming barriers to early disease intervention. Nat. Biotechnol. 38, 669–673. doi: 10.1038/s41587-020-0550-z

 Callahan, B. J., McMurdie, P. J., Rosen, M. J., Han, A. W., Johnson, A. J. A., and Holmes, S. P. (2016). DADA2: High-resolution sample inference from Illumina amplicon data. Nat. Methods 13, 581–583. doi: 10.1038/nmeth.3869

 Chang, J., Yao, X., Zuo, C., Qi, Y., Chen, D., and Ma, W. (2020). The gut bacterial diversity of sheep associated with different breeds in Qinghai province. BMC Vet. Res. 16, 1–9. doi: 10.1186/s12917-020-02477-2

 Chen, R., Li, Z., Feng, J., Zhao, L., and Yu, J. (2020). Effects of digestate recirculation ratios on biogas production and methane yield of continuous dry anaerobic digestion. Bioresour. Technol. 316:123963. doi: 10.1016/j.biortech.2020.123963

 Couch, C. E., Stagaman, K., Spaan, R. S., Combrink, H. J., Sharpton, T. J., Beechler, B. R., et al. (2021). Diet and gut microbiome enterotype are associated at the population level in African buffalo. Nat. Commun. 12:2267. doi: 10.1038/s41467-021-22510-8

 Cui, X., Wang, Z., Yan, T., Chang, S., Wang, H., and Hou, F. (2019). Rumen bacterial diversity of Tibetan sheep (Ovis aries) associated with different forage types on the Qinghai-Tibetan Plateau. Can. J. Microbiol. 65, 859–869. doi: 10.1139/cjm-2019-0154

 Durk, R. P., Castillo, E., Márquez-Magaña, L., Grosicki, G. J., Bolter, N. D., Matthew Lee, C., et al. (2019). Gut microbiota composition is related to cardiorespiratory fitness in healthy young adults. Int. J. Sport Nutr. Exerc. Metab. 29, 249–253. doi: 10.1123/ijsnem.2018-0024

 Elbir, H., and Alhumam, N. A. (2022). Sex differences in fecal microbiome composition and function of dromedary camels in Saudi Arabia. Animals 12:3430. doi: 10.3390/ani12233430

 Fu, K., Chen, X., Guo, W., Zhou, Z., Zhang, Y., Ji, T., et al. (2022). Effects of N acetylcysteine on the expression of genes associated with reproductive performance in the goat uterus during early gestation. Animals 12:2431. doi: 10.3390/ani12182431

 Gaowa, N., Li, W., Gelsinger, S., Murphy, B., and Li, S. (2021). Analysis of host jejunum transcriptome and associated microbial community structure variation in young calves with feed-induced acidosis. Metabolites 11:414. doi: 10.3390/metabo11070414

 Guerra, V., Tiago, I., Aires, A., Coelho, C., Nunes, J., Martins, L. O., et al. (2022). The gastrointestinal microbiome of browsing goats (Capra hircus). PLoS ONE 17:e0276262. doi: 10.1371/journal.pone.0276262

 Guo, J., Li, P., Zhang, K., Zhang, L., Wang, X., Li, L., et al. (2020). Distinct stage changes in early-life colonization and acquisition of the gut microbiota and its correlations with volatile fatty acids in goat kids. Front. Microbiol. 11:584742. doi: 10.3389/fmicb.2020.584742

 Guo, X., Sha, Y., Lv, W., Pu, X., Liu, X., Luo, Y., et al. (2022). Sex differences in rumen fermentation and microbiota of Tibetan goat. Microbl. Cell Fact 21, 1–12. doi: 10.1186/s12934-022-01783-8

 Han, L., Xue, W., Cao, H., Chen, X., Qi, F., Ma, T., et al. (2022). Comparison of rumen fermentation parameters and microbiota of yaks from different altitude regions in tibet, China. Front. Microbiol. 12:807512. doi: 10.3389/fmicb.2021.807512

 Hicks, A. L., Lee, K. J., Couto-Rodriguez, M., Patel, J., Sinha, R., Guo, C., et al. (2018). Gut microbiomes of wild great apes fluctuate seasonally in response to diet. Nat. Commun. 9:1786. doi: 10.1038/s41467-018-04204-w

 Hu, Y., He, Y., Gao, S., Liao, Z., Lai, T., Zhou, H., et al. (2020). The effect of a diet based on rice straw co-fermented with probiotics and enzymes versus a fresh corn Stover-based diet on the rumen bacterial community and metabolites of beef cattle. Sci. Rep. 10:10721. doi: 10.1038/s41598-020-67716-w

 Huang, K., Wang, Y., Bai, Y., Luo, Q., Lin, X., Yang, Q., et al. (2022). Gut microbiota and metabolites in atrial fibrillation patients and their changes after catheter ablation. Microbiol. Spectr. 10, e01077–e01021. doi: 10.1128/spectrum.01077-21

 Kim, H. S., Whon, T. W., Sung, H., Jeong, Y. S., Jung, E. S., Shin, N. R., et al. (2021). Longitudinal evaluation of fecal microbiota transplantation for ameliorating calf diarrhea and improving growth performance. Nat. Commun. 12, 1–16. doi: 10.1038/s41467-020-20389-5

 Kim, M. (2023). Assessment of the gastrointestinal microbiota using 16S ribosomal RNA gene amplicon sequencing in ruminant nutrition. Anim. Biosci. 36, 364–373. doi: 10.5713/ab.22.0382

 Kulkarni, N. A., Chethan, H. S., Srivastava, R., and Gabbur, A. B. (2022). Role of probiotics in ruminant nutrition as natural modulators of health and productivity of animals in tropical countries: an overview. Trop. Anim. Health Prod. 54:110. doi: 10.1007/s11250-022-03112-y

 La Reau, A. J., and Suen, G. (2018). The Ruminococci: key symbionts of the gut ecosystem. J. Microbiol. 56, 199–208. doi: 10.1007/s12275-018-8024-4

 Lan, D., Ji, W., Lin, B., Chen, Y., Huang, C., Xiong, X., et al. (2017). Correlations between gut microbiota community structures of Tibetans and geography. Sci. Rep. 7:16982. doi: 10.1038/s41598-017-17194-4

 Lee, J. R., Muckerman, J. E., Wright, A. M., Davis, D. J., Childs, T. E., Gillespie, C. E., et al. (2017). Sex determines effect of physical activity on diet preference: association of striatal opioids and gut microbiota composition. Behav. Brain Res. 334, 16–25. doi: 10.1016/j.bbr.2017.07.018

 Lee, S. S., Hsu, J. T., Mantovani, H. C., and Russell, J. B. (2002). The effect of bovicin HC5, a bacteriocin from Streptococcus bovis HC5, on ruminal methane production in vitro1. FEMS Microbiol. Lett. 217, 51–55. doi: 10.1111/j.1574-6968.2002.tb11455.x

 Lei, Y., Zhang, K., Guo, M., Li, G., Li, C., Li, B., et al. (2018). Exploring the spatial-temporal microbiota of compound stomachs in a pre-weaned goat model. Front. Microbiol. 9:01846. doi: 10.3389/fmicb.2018.01846

 Li, H., Li, T., Beasley, D. A. E., Heděnec, P., Xiao, Z., Zhang, S., et al. (2016). Diet diversity is associated with beta but not alpha diversity of pika gut microbiota. Front. Microbiol. 7:01169. doi: 10.3389/fmicb.2016.01169

 Li, H., Ma, L., Li, Z., Yin, J., Tan, B., Chen, J., et al. (2021). Evolution of the gut microbiota and its fermentation characteristics of ningxiang pigs at the young stage. Animals 11:638. doi: 10.3390/ani11030638

 Li, L., and Zhao, X. (2015). Comparative analyses of fecal microbiota in Tibetan and Chinese Han living at low or high altitude by barcoded 454 pyrosequencing. Sci. Rep. 5:14682. doi: 10.1038/srep14682

 Li, Y., Liu, H., Ye, D., Jiang, Q., Cui, X., Li, J., et al. (2023). Novel dissimilatory fermentative iron-reducing strains isolated from the sediments of taihu lake. Available at SSRN:4333573. doi: 10.2139/ssrn.4333573

 Lim, M. Y., Rho, M., Song, Y. M., Lee, K., Sung, J., and Ko, G. (2014). Stability of gut enterotypes in Korean monozygotic twins and their association with biomarkers and diet. Sci. Rep. 4:7348. doi: 10.1038/srep07348

 Liu, C., Wu, H., Liu, S., Chai, S., Meng, Q., and Zhou, Z. (2019). Dynamic Alterations in Yak Rumen Bacteria Community and Metabolome Characteristics in Response to Feed Type. Front. Microbiol. 10:01116. doi: 10.3389/fmicb.2019.01116

 Liu, W., Wang, Q., Song, J., Xin, J., Zhang, S., Lei, Y., et al. (2021). Comparison of gut microbiota of yaks from different geographical regions. Front. Microbiol. 12:666940. doi: 10.3389/fmicb.2021.666940

 Lopes, D. R. G., La Reau, A. J., De Souza Duarte, M., Detmann, E., Bento, C. B. P., Mercadante, M. E. Z., et al. (2019). The bacterial and fungal microbiota of nelore steers is dynamic across the gastrointestinal tract and its fecal-associated microbiota is correlated to feed efficiency. Front. Microbiol. 10:01263. doi: 10.3389/fmicb.2019.01263

 Love, M. I., Huber, W., and Anders, S. (2014). Moderated estimation of fold change and dispersion for RNA-seq data with DESeq2. Genome Biol. 15, 1–21. doi: 10.1186/s13059-014-0550-8

 Ma, N., Sun, Y., Chen, J., Qi, Z., Liu, C., and Ma, X. (2022). Micro-coevolution of genetics rather than diet with enterotype in pigs. Front Nutr 9:846974. doi: 10.3389/fnut.2022.846974

 Ma, Y., Ma, S., Chang, L., Wang, H., Ga, Q., Ma, L., et al. (2019). Gut microbiota adaptation to high altitude in indigenous animals. Biochem. Biophys. Res. Commun. 516, 120–126. doi: 10.1016/j.bbrc.2019.05.085

 Mahayri, T. M., Mattiello, S., and Celozzi, S. (2022). Host species affects bacterial evenness, but not diversity : comparison of fecal bacteria of cows and goats offered the same diet. Animals 12:2011. doi: 10.3390/ani12162011

 Mallott, E. K., and Amato, K. R. (2021). Host specificity of the gut microbiome. Nat Rev Microbiol 19, 639-653. doi: 10.1038/s41579-021-00562-3

 Mao, S., Zhang, M., Liu, J., and Zhu, W. (2015). Characterising the bacterial microbiota across the gastrointestinal tracts of dairy cattle: membership and potential function. Sci. Rep. 5:16116. doi: 10.1038/srep16116

 Maslen, B. N., Duff, C., Clark, S. A., Van der Werf, J., White, J. D., and Pant, S. D. (2023). Increased yearling weight gain is associated with a distinct faecal microbial profile. Animals 13:3062. doi: 10.3390/ani13193062

 Mobeen, F., Sharma, V., and Prakash, T. (2018). Enterotype variations of the healthy human gut microbiome in different geographical regions. Bioinformation 14, 560–573. doi: 10.6026/97320630014560

 Moeller, A. H., and Sanders, J. G. (2020). Roles of the gut microbiota in the adaptive evolution of mammalian species. Philos. Trans. R. Soc. B. 375, 1–10. doi: 10.1098/rstb.2019.0597

 Mukendi, G. M., Mitema, A., Nelson, K., and Feto, N. A. (2018). “Bacillus species of ruminant origin as a major potential sources of diverse lipolytic enzymes for industrial and therapeutic applications,” in Bacilli in Agrobiotechnology: Plant Stress Tolerance, Bioremediation, and Bioprospecting (Cham: Springer International Publishing), 255–283. doi: 10.1007/978-3-030-85465-2_12

 O'Donnell, M. M., Harris, H. M. B., Ross, R. P., and O'Toole, P. W. (2017). Core fecal microbiota of domesticated herbivorous ruminant, hindgut fermenters, and monogastric animals. Microbiology Open 6:e00509. doi: 10.1002/mbo3.509

 Pandit, R. J., Hinsu, A. T., Patel, S. H., Jakhesara, S. J., Koringa, P. G., Bruno, F., et al. (2018). Microbiota composition, gene pool and its expression in Gir cattle (Bos indicus) rumen under different forage diets using metagenomic and metatranscriptomic approaches. Syst. Appl. Microbiol. 41, 374–385. doi: 10.1016/j.syapm.2018.02.002

 Renassia, C., and Peyssonnaux, C. (2019). New insights into the links between hypoxia and iron homeostasis. Curr. Opin. Hematol. 26, 125–130. doi: 10.1097/MOH.0000000000000494

 Rocklöv, J., and Dubrow, R. (2020). Climate change: an enduring challenge for vector-borne disease prevention and control. Nat. Immunol. 21, 479–483. doi: 10.1038/s41590-020-0648-y

 Segata, N., Izard, J., Waldron, L., Gevers, D., Miropolsky, L., Garrett, W. S., et al. (2011). Metagenomic biomarker discovery and explanation. Genome Biol. 12, 1–18. doi: 10.1186/gb-2011-12-6-r60

 Shabana, I. I., Albakri, N. N., and Bouqellah, N. A. (2021). Metagenomic investigation of faecal microbiota in sheep and goats of the same ages. J. Taibah Univ. Sci. 15, 1–9. doi: 10.1080/16583655.2020.1864930

 Shen, T., Yue, Y., He, T., Huang, C., Qu, B., Lv, W., et al. (2021). The association between the gut microbiota and Parkinson's disease, a meta-analysis. Front. Aging Neurosci. 13:636545. doi: 10.3389/fnagi.2021.636545

 Sim, S., Lee, H., Yoon, S., Seon, H., Park, C., and Kim, M. (2022). The impact of different diets and genders on fecal microbiota in Hanwoo cattle. J. Anim. Sci. Technol. 64, 897–910. doi: 10.5187/jast.2022.e71

 Solden, L. M., Hoyt, D. W., Collins, W. B., Plank, J. E., Daly, R. A., Hildebrand, E., et al. (2017). New roles in hemicellulosic sugar fermentation for the uncultivated Bacteroidetes family BS11. ISME J. 11, 691–703. doi: 10.1038/ismej.2016.150

 Sun, G., Zhang, H., Wei, Q., Zhao, C., Yang, X., Wu, X., et al. (2019). Comparative analyses of fecal microbiota in European mouflon (Ovis orientalis musimon) and blue sheep (Pseudois nayaur) living at low or high altitudes. Front. Microbiol. 10:1735. doi: 10.3389/fmicb.2019.01735

 Tian, X., Wang, X., Li, J., Luo, Q., Ban, C., and Lu, Q. (2022). The effects of selenium on rumen fermentation parameters and microbial metagenome in goats. Fermentation 8:240. doi: 10.3390/fermentation8050240

 Tian, X. Z., Li, J. X., Luo, Q. Y., Zhou, D., Long, Q. M., Wang, X., et al. (2021). Effects of purple corn anthocyanin on blood biochemical indexes, ruminal fluid fermentation, and rumen microbiota in goats. Front. Vet. Sci. 8:715710. doi: 10.3389/fvets.2021.715710

 Ueki, A., Tonouchi, A., Kaku, N., and Ueki, K. (2019). Anaerocolumna chitinilytica sp. nov., a chitin-decomposing anaerobic bacterium isolated from anoxic soil subjected to biological soil disinfestation. Int. J. Syst. Evol. Microbiol. 71:004999. doi: 10.1099/ijsem.0.004761

 Virgínio Júnior, G. F., and Bittar, C. M. M. H. (2021). Microbial colonization of the gastrointestinal tract of dairy calves - A review of its importance and relationship to health and performance. Anim. Health Res. Rev. 22, 97–108. doi: 10.1017/S1466252321000062

 Wan, Z., Zhang, X., Jia, X., Qin, Y., Sun, N., Xin, J., et al. (2022). Lactobacillus johnsonii YH1136 plays a protective role against endogenous pathogenic bacteria induced intestinal dysfunction by reconstructing gut microbiota in mice exposed at high altitude. Front. Immunol. 13:1007737. doi: 10.3389/fimmu.2022.1007737

 Wang, B., Gong, L., Zhou, Y., Tang, L., Zeng, Z., Wang, Q., et al. (2021). Probiotic Paenibacillus polymyxa 10 and Lactobacillus plantarum 16 enhance growth performance of broilers by improving the intestinal health. Anim. Nutr. 7, 829–840. doi: 10.1016/j.aninu.2021.03.008

 Wang, D., Tang, G., Zhao, L., Wang, M., Chen, L., Zhao, C., et al. (2023). Potential roles of the rectum keystone microbiota in modulating the microbial community and growth performance in goat model. J. Anim. Sci. Biotechnol. 14, 1–15. doi: 10.1186/s40104-023-00850-3

 Wang, F., Zhang, H., Xu, T., Hu, Y., and Jiang, Y. (2022). Acute exposure to simulated high-altitude hypoxia alters gut microbiota in mice. Arch. Microbiol. 204, 1–7. doi: 10.1007/s00203-022-03031-4

 Wang, X., Zhang, Z., Li, B., Hao, W., Yin, W., Ai, S., et al. (2022). Depicting fecal microbiota characteristic in yak, cattle, yak- cattle hybrid and tibetan sheep in different eco-regions of qinghai-tibetan plateau. Microbiol. Spectr. 10, e00021–22. doi: 10.1128/spectrum.00021-22

 Wei, X., Dong, Z., Cheng, F., Shi, H., Zhou, X., Li, B., et al. (2021). Seasonal diets supersede host species in shaping the distal gut microbiota of Yaks and Tibetan sheep. Sci. Rep. 11:22626. doi: 10.1038/s41598-021-99351-4

 Wu, D., Vinitchaikul, P., Deng, M., Zhang, G., Sun, L., Gou, X., et al. (2020). Host and altitude factors affect rumen bacteria in cattle. Braz. J. Microbiol. 51, 1573–1583. doi: 10.1007/s42770-020-00380-4

 Wu, G. D., Chen, J., Hoffmann, C., Bittinger, K., Chen, Y., Keilbaugh, S. A., et al. (2011). Linking long-term dietary patterns with gut microbial enterotypes. Science 334, 105–109. doi: 10.1126/science.1208344

 Xu, C., Su, X., Wang, J., Zhang, F., Shen, G., Yuan, Y., et al. (2021). Characteristics and functional bacteria in a microbial consortium for rice straw lignin-degrading. Bioresour. Technol. 331:125066. doi: 10.1016/j.biortech.2021.125066

 Yang, C., Tsedan, G., Liu, Y., and Hou, F. (2020). Shrub coverage alters the rumen bacterial community of yaks (Bos grunniens) grazing in alpine meadows. J. Anim. Sci. Technol. 62, 504–520. doi: 10.5187/jast.2020.62.4.504

 Yang, J., Lee, R., Schulz, Z., Hsu, A., Pai, J., Yang, S., et al. (2023). Mixed nuts as healthy snacks: effect on tryptophan metabolism and cardiovascular risk factors. Nutrients 15:569. doi: 10.3390/nu15030569

 Yu, X., Zhang, X., Jin, H., Wu, Z., Yan, C., Liu, Z., et al. (2019). Zhengganxifeng decoction affects gut microbiota and reduces blood pressure via renin-angiotensin system. Biol. Pharm. Bull. 42, 1482–1490. doi: 10.1248/bpb.b19-00057

 Zeng, B., Zhang, S., Xu, H., Kong, F., Yu, X., Wang, P., et al. (2020). Gut microbiota of Tibetans and Tibetan pigs varies between high and low altitude environments. Microbiol. Res. 235:126447. doi: 10.1016/j.micres.2020.126447

 Zeng, B., Zhao, J., Guo, W., Zhang, S., Hua, Y., Tang, J., et al. (2017). High-altitude living shapes the skin microbiome in humans and pigs. Front. Microbiol. 8:1929. doi: 10.3389/fmicb.2017.01929

 Zhang, H., Shao, M., Huang, H., Wang, S., Ma, L., Wang, H., et al. (2018). The dynamic distribution of small-tail Han sheep microbiota across different intestinal segments. Front. Microbiol. 9:32. doi: 10.3389/fmicb.2018.00032

 Zhang, W., Jiao, L., Liu, R., Zhang, Y., Ji, Q., Zhang, H., et al. (2018a). The effect of exposure to high altitude and low oxygen on intestinal microbial communities in mice. PLoS ONE 13:e0203701. doi: 10.1371/journal.pone.0203701

 Zhang, W., Li, N., Tang, X., Liu, N., and Zhao, W. (2018b). Changes in intestinal microbiota across an altitudinal gradient in the lizard Phrynocephalus vlangalii. Ecol. Evol. 8, 4695–4703. doi: 10.1002/ece3.4029

 Zhang, X., Wang, W., Cao, Z., Yang, H., Wang, Y., and Li, S. (2023). Effects of altitude on the gut microbiome and metabolomics of Sanhe heifers. Front. Microbiol. 14:1076011. doi: 10.3389/fmicb.2023.1076011

 Zhao, G., Ma, T., Tang, W., Li, D., Mishra, S. K., Xu, Z., et al. (2019). Gut microbiome of Chinese forest musk deer examined across gender and age. Biomed Res. Int. 2019:9291216. doi: 10.1155/2019/9291216

 Zhao, J., Yao, Y., Dong, M., Xiao, H., Xiong, Y., Yang, S., et al. (2023). Diet and high altitude strongly drive convergent adaptation of gut microbiota in wild macaques, humans, and dogs to high altitude environments. Front. Microbiol. 14:1067240. doi: 10.3389/fmicb.2023.1067240

 Zhou, J., Cheng, J., Liu, L., Luo, J., and Peng, X. (2023). Lactobacillus acidophilus (LA) fermenting astragalus polysaccharides (APS) improves calcium absorption and osteoporosis by altering gut microbiota. Foods 12:275. doi: 10.3390/foods12020275

 Zhou, W., Wu, X., Su, C., Li, L., Xu, L., Akhtar, R. W., et al. (2022). Exploring the rumen microbial community in Guizhou White goats at different ages. Rev. Bras. Zootec. 51:e20210070. doi: 10.37496/rbz5120210070

 Zhu, Z., Sun, Y., Zhu, F., Liu, Z., Pan, R., Teng, L., et al. (2020). Seasonal variation and sexual dimorphism of the microbiota in wild blue sheep (Pseudois nayaur). Front. Microbiol. 11:01260. doi: 10.3389/fmicb.2020.01260

Copyright
 © 2024 Guo, Liu, Wang, Yu, Neves, Zhou and Chen. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





[image: image]


OPS/images/fmicb-13-942848/fmicb-13-942848-t002.jpg
Items

CG
Growth performance
ADFI (g/d) 936.45P
ADG(g/d) 48.33>
FCR 19.38°
Nutrient digestibility (%)
DM 66.39"
OM 47.40°
CP 65.41°
NDF 49.02¢
ADF 42.94¢

1CG, LSE, MSE, and HSE: treatment groups supplemented with Se at 0 (control), 0.30 (low), 0.60 (medium), and 1.2 (high) mg/kg dry matter, respectively.

21, linear effect; Q, quadratic effect.

ab.cyp the upper-right corner differ (P < 0.05) if without a common letter.

Treatments!

LSE

920.75P

78.33ab

11.75°

70.29°
52.47°
68.36%
51.04>
49.20P

MSE
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93.75%
11.33°
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54.42ab
72.132
54.73ab
52.97%

HSE

992.26*
75.73ab
13.10ab
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56.32°
71.62°
58.312
56.622

SEM

22.95
7.54
1.69

0.51
0.72
0.67
0.84
0.94

0.920
0.014
0.028

0.028
0.021
0.013
0.013
0.003

P-value?

0.040
0.087
0.327

0.022
0.013
0.006
0.006
0.008

ADFI, Average daily feed intake; ADG, Average daily gain; FCR, feed conversion ratio; DM, dry matter; OM, organic matter; CP, crude protein; DNFE neutral detergent fiber, ADEF, acid

detergent fiber.
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Item Treatments!

CG LSE MSE HSE
Observed species 801.38 79775 843.75 814.50
Shannon 7.29 7.63 7.73 7.36
Simpson 0.967 0.976 0.983 0.974
Chaol 805.16 800.99 849.27 821.09
ACE 1385.01 1413.09 1478.34 1477.04
Good’s coverage 0.999 0.999 0.999 0.999
Pielou_e 0.756 0.792 0.796 0.762

LCG, LSE, MSE, and HSE: treatment groups supplemented with Se at 0 (control), 0.30 (low), 0.60 (medium), and 1.2 (high) mg/kg dry matter, respectively.

21, linear effect; Q, quadratic effect.

SEM

19.21
0.11
0.004

19.56

27.93
0.0001
0.009

0.919
0.147
0.323
0.932
0.351
0.070
0.099

P-value?

0.464
0.694
0.393
0.435
0.540
0.715
0.787
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Items Content

Ingredient, (% of DM)

Alfalfa hay 10
Corn straw 20
Oat grass 10
Peanut vine 10
Soy straw 10
Caragana 10
Corn 6

Soybean meal 6

Cottonseed mea 11

Wheat bran 5.3
NaCl 0.5
CaHPO4 0.2
Premix; 1

Total 100

Nutrient composition’

DM, % 92.36
DE/(MJ/kg) 9.6

CP, % 11.8
EE, % 1.74
NDE % 49.90
ADE % 37.20
Ca, % 1.15
TP, % 0.63
Se/(mg/kg) 0.016

!The premix provided the following of the diet (per kilogram): VA 1800 IU, VD3 260 IU,
VE 23 mg, Zn 30 mg, Mn 25 mg, Fe 50 mg, Cu 11 mg, Co 0.2 mg, 1 1 mg.

2DE was calculated according to feed ingredient composition on the dry matter basis,
while the others were measured values.

DM, dry matter; DE, digestive energy; CP, crude protein; EE, ether extract; NDF, neutral
detergent fiber; ADE acid detergent fiber; Ca, calcium; TP, total phosphorus; Se, selenium.
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Treatments®

Organ indices?, %

Heart L15 1.08 0.034 0.286
Liver 547 539 0.136 0.779
Spleen 037 0.50 0.044 0.176
Lung 322 4.19 0.268 0.067
Kidney 117 129 0039 0134
Adrenal grand 0.03 0.03 0.002 0.487
“Thymus 041 041 0.045 0.995
Pancreas 039 039 0.017 0.996
Jejunal lymph nodes 0.09 0.09 0.012 0953
Tleal lymph nodes 04 038 0.045 0.843
Coloniclymph nodes 013 0.25 0050 0217
“Thyroid 055 058 0.032 0.623

‘Organ index (%) = organ weight (g)/live weight (g) x 100; *CON, the control group; UGAM, the ultra-grinded Astragalus membranaceus powder group.
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Treatments®

TP g/L 68.02 75.42 1.68 0.02
ALB, g/l 33.36 36.23 0.70 0.03
BUN, mmol/L. 839 788 040 054
GLU, mmol/L 2.66 3.13 030 044
TG, mmol/L 0.57 0.47 0.03 0.14
CHOL, mmol/L. 245 275 012 02

095 116 0.08 021
CRPL3, mg/L 4.16 417 0.01 058
BILT3, pmol/L. 380 407 016 041
LACT, mmol/L 6.04 7.03 1.08 0.66
NH,L, pmol/L. 257.28 5.1 2187 046
ALT, U/L 21.74 22.76 1.36 072
AST, U/L 96.89 95.44 6.20 091
ALP, U/L 284.11 259.22 3345 072
GGT,UL an 3800 201 046
LDH, U/L 386.00 429.00 24.96 0.40
AMS, U/L 27.56 22.00 1.88 0.14
amy-p, U/L 2674 2094 188 013

TP, total protein; ALB, albumin; BUN, blood urea nitrogen; GLU, glucose; TG, triglycerides; CHOL, cholesterol: LDL-C3, low-density lipoprotein cholesterol C3; CRPL3, C-reactive protein 3;
BILTS, bilirubin 3 LACT, lactic acids NH,L, ammonia; ALT, alanine aminotransferase; AST, aspartate aminotransferases ALP, alkaline phosphatase; GGT, gamma-glutamyl transferase; LDH,
lactate dehydrogenase; AMS, amylase; amy-p, amyloid precursor protein. “CON, the control group; UGAM, the ultra-grinded Astragalus membranaceus poswder group.
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GenBank accession

Gene name AT Primer sequences (5'-3')* Product length (bp)

F: GGAGGATGGGCGGTGATAGA
CLD1 102174598 164
R: GTCTGTGCCAATTGAGGCTG

F: GGACAAAGAGAAGGGTGAGACC
TIP1 102178667 132
R: GCAAAAGACCAACCGTCAGG

F: CCTTGTGAGTGGGATTGGCA
P2 102180039 104
R: ATGCCTGGAGCCTGGTAAAG

E:TTTTGACTGTTTCTAGGCCCCC
TIP3 102174294 147
R: GCGGGGGTCCTTGCTGA

F: CCTCCGATGAGCTTCTGTGT
IL-1p 100860816 149
R: GAACACCACTTCTCGGCTCA

F: GCCTCAGCCTCTTCTCCTTC
INF-a 100861232 100
R: GGGGACTGCTCTTCCCTCT

F: TCCTTCACACGTACTGCACC
L6 102172767 172
R: AAAACTGGCCGTGTTGCTTC

F: TGACATTGTGGCTCACCCTC
117 102171111 197
R: CCGGGTGATGTTGTAATCCCA

F: GACCCTTGCGTCCAGGTTG
TLRY 100860955 151
R: ACCTGGAGAAGTTATGGCTGC

: CTGCACCATCGACGTCTACA
EGFR 102172767 147
R: ATTCTCTCGTCCCCCTGGAT

F: CTGAAGCCCGGAGACATGAA
Muc2 102175111 190
R: CATTGCGAGGGATGCACTTC

F: TCGCTGAGAGAAGATTGGCT
OCLN 102185782 187
R: CGAACGTGCATCTCTCCACT

F: TGGGTACGAAGGCGAAAGTC
FIIR 102175451 143
R: GGACAGCTTGGCAGGGTTAT

F: CAGCACCCTTTTGACTGTGC
FOXP3 102188755 116
R: GGCAGTGCTTGAGGAAGTCT

F: TGGCTGACCCACAGAGAGGA
TGFBI 102191364 100
R: ACCCTGCGTTAATGTCCACTT

' forward; R, reverse.
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Diet (g/ Chemical

lpgzedicnts kg DM) ~ composition?
Extruded-soybean 244 DM, g/kg 9529
Corn grain 20 CP gy 2046
Whey powder 150 Crude fat, g/kg 388
Fatty powder 50 ADE, g/kg 1890
Calcium carbonate 5 NDE g/kg 2790
Calcium hydro-phosphate 15 Calcium, g/kg 21
Salt 6 Phosphate, g/kg 93
Premix' 10 ME, Mcal/kg 2388
Alfalfa hay 300

“The premix consisted of (per kilogram of premixed material): 2.5g FeSO,7H.0, 0.8g
CuSO,5H.0, 3g MnSO, H,0, 10 mg NaiSeO,, 40 mg KI, 30mg CoCl:6H.0, 95,000 1U
vitamin A, 17,5001U vitamin D, 18,0001U vitamin E. *DM, dry matter; CP, crude protein;
ADF, acid detergent iber; NDF, neutral detergent fiber. The metabolizable energy (ME) was
estimated (Sung and Kim 2020).
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A B BIO-ko00250: Alanine, aspartate and glutamate metabolism (R01083)
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Ingredients

Corn

Corn germ meal
Shotcrete corn husk
DDGS

Extruded soybean
Molasses
Limestone

NaCl

Compound premix®
Total

Nutrient levels®
Dry matter

Crude protein
Ether extract

Crude ash

Neutral detergent fiber (NDF)
Acid detergent fiber (ADF)
Metabolizable energy (M]/kg)

Contents
Concentrate Mixed forages
40
20
13
10
8
3
4
1
1
100
90.38 92.04
18.93 11.67
4.72 2.15
6.02 7.69
17.58 55.75
6.01 35.39
14.09 14.05

#Each kilogram of composite premix includes: Ca 1.54 g, P 0.51 g, Fe 25 mg, Zn 35 mg, Cu
8 mg, Co 0.1 mg, [ 0.9 mg, Se 0.25 mg, Mn 19.5 mg, VE 1000 IU, VA 3000 1U, VD 1000 IU.

P ME was a calculated value, while the others were measured values.





OPS/images/fmicb-13-991266/fmicb-13-991266-t002.jpg
Target genes
ACTB

Occludin
Claudin-1
Claudin-4

ZO-1

TNF-a

IL-1B

IL-6

IL-10

aE, forward; R, reverse.

GenBank accession no.

NM_001314342.1

XM_018065681.1

XM_005675123.3

XM_005697785.2

XM_018066118.1

NM 001286442.1

DQ837160.1

NM 001285640.1

XM_005690416.3

Primer sequences®

F: GGCTACAGCTTCACCACCAC
R: GGAAGGAAGGCTGGAAGAGAG

F: AGCAGCAGCGGTAACTTGG
R: CGTCGTGTAGTCTGTTTCATAGTGG

F: ACAGCACTCTGCAAGCAACC
R: TTCTGTGCCTCGTCGTCTTC

F: CCGCCACGAAACAACAAG
R: GGGAGAAACAAAGACGAAAGGA

F: CCGAATGAAACCACACACAAA
R: TCCACGCCACTGTCAAACTC

F: CCACTGACGGGCTTTACCT
R: TGATGGCAGAGAGGATGTTG

F: AAGGCTCTCCACCTCCTCTC
R: TTGTCCCTGATACCCAAGG

F: TGACTTCTGCTTTCCCTACCC
R: GCCAGTGTCTCCTTGCTGTT

F: GTGATGCCACAGGCTGAGAAC
R: GAAGATGTCAAACTCACTCATGG

Product (bp)

211
108
124
129
104
141
114
193

213
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Enzyme activity/(U/mL) Components Strains

HCS-01 HCS-05 HCS-07 HCW-08 HCW-09
Supernatant fluid 9.10 £ 0.33% 15.49 £ 0614 1130 £ 0.845 9.47 +£0.41% 9.78 +£0.41
SOD Intact cells 209 £0.17% 333£037% 246 £0.25% 348 018" 415+ 0.16%°
Cell contents 2454028 1.52 4 0.06% 2134020 3540344 1.54 £ 0.05%

Supernatant fluid - - - - -

CAT Intact cells - - - - -
Cell contents 121 £ 0.28480 0.86 £ 0.164% - 1.60 % 0.614 044 +0.10%

supernatant fluid - - - 0.03 +0.01 -

GSH-PX intact cells - - - - -

cell contents - - - 007 %0.01 0.08 % 0.01

Different capital letters
(P < 0.05).

dicate significant differences among strains (P < 0.05); different lowercase letters indicate significant differences among different components of the same strain
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Initial value

pH 6.78 & 0,022
DM (%EM) 43.10 £ 0.02°
CP (%DM) 1528 + 1.57
WSC (%DM) 16.15 £ 0.89
AN (%TN) -

LAB (Ig CFU/g) 4.16 £ 0.154
Yeast (Ig CFU/g) 6.40 £+ 0.322
Aerobic Bacteria (Ig CFU/g) 7.21 £ 0.292
Mold (g CFU/g) 6.11 4+ 0.10*

4.51 £ 0.02°
38.23 4+ 0.68°
14.18 £2.33
7.53 £ 0.87°
3324077
7.37 +£0.16°
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3.54 +0.18"
1.67 £ 058"
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II

4.09 £ 0.07°
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III
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4.05+0.17°
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1513 £2.12
6.65 = 0.434
3.16 % 0.65
8.52 4+ 0.15%
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1.59 + 0.06°
ND

v

4.23 4+ 0.09°
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14.73 £1.97
7.05 = 0.67°
3.30 +0.43
7.93 4 0.18"
3.19 4+ 0.15"
1.82 +0.11¢
1.00 =+ 0.02°

Different lowercase letters indicate significant differences between peer data (P < 0.05), ND, not detected; DM, dry matter; CP, crude protein; WSC, water soluble carbohydrates; AN,

ammonia nitrogen.





OPS/images/fmicb-13-942848/fmicb-13-942848-g004.jpg
Cladogram

B CG p_Cyanobacteria
B HSE q@ n
il iy ’////

\\\ \\\\\\\ I ///
i '

a: f__Methanobacteriaceae
b: o Methanobacteriales
c: c__Methanobacteria
d: f__Bryobacteraceae
e: o__Bryobacterales
f
g
h
i

J

()

: 0__Subgroup_15
: 0__Subgroup 2

: C__Acidobacteriae
i: f_Acidothermaceae
j: o__Frankiales
k: c__unidentified_Actinobacteria
I: f _PeH15
m: o__Gastranaerophilales
n: c_ Vampirivibrionia
1 o: f__Desulfovibrionaceae
= p: o Desulfovibrionales
3 q: c_ Desulfovibrionia
B r: f_ Alicyclobacillaceae
Bl s: o Alicyclobacillales
Bl t: f_Christensenellaceae
Bl u: o Christensenellales
Bl v: f_Selenomonadaceae
Bl w: o Veillonellales_Selenomonadales
Bl x: c_ Negativicutes

¢

\\

W\

(i)

-X)QQOQ :

1098 uprekigPPe

///
///,

Wil

”/////////
AN \\\\\\ \\\

\\\\\\\\\\\

//
e

|
/I8
1118

e

UL

!
\ \\
S

i
C

e
\\\\ Bl a0: o Synergistales

N N\
lIIllIIIIl\&\
/III TN

B a2: c_ Acidimicrobiia
Bl a3: o Acidobacteriales
Bl a4: c_ Acidobacteriae
& Bl a5: 0 Elsterales
X Bl a6: f Xanthobacteraceae
(b B a7: o Rhizobiales
Bl a8: ¢ Alphaproteobacteria
* [\g/d Bl 29: f Bifidobacteriaceae
A 6@@“ B b0: o_ Bifidobacteriales
oo E bl: c_ unidentified Bacteria

41
+





OPS/images/fmicb-13-942848/cross.jpg
@ Check for updates.





OPS/images/fmicb-13-942848/fmicb-13-942848-g001.jpg





OPS/images/fmicb-13-942848/fmicb-13-942848-g002.jpg
observed otus

Observed species

LSE1
o A A A —4— [SE2
= A—bD— . —+ LSE3
} 2 . —— LSE4
- /A{ ~o— LSE5
= 3 - LSE6
i L _‘;";/Y——i——* ~#- LSE7
t === 2 —%— LSE8
b= ——% ¥ " MSE1
" = e —e— MSE2
DF X —— ), — ~ MSE3
s s —— — — — - ots
o /; —8 S - MSE6
® /%%o/ ——t | e ° o MSE?
3/!/’// __—’;2———-4———*——3@ —v— MSE8
* " @ ® <+~ HSE1
/g///g,-—-v-——_—v ’ g % HSE2
/E/ = & X —— HSE3
/ X a —e— HSE4
g/*/K’/-—— o—0 o H5E5
o ® ® —A— HSE6
S , :::::8:::::8 ® v
8 - /8 ; - & - —5— HSE8
g/,,/ﬂ CG1
g/ -v- (G2
-m- CG3
% CG4
- (G5
—o— (G6
-— (CG7
-4~ CG8
o
o —
¢
o
o —
o
o —_
[ | I
10000 20000 30000
Sequences Number
S
S
o —
el
=
S
O —
=
o
S
o —
N
S
S
o —
I
(=
=
o —
o

| T TN O T A [N T R S O P N A A
9 11 13 15 17 19 21

Number of samples

23 25 271 29 3

1.0

goods coverage

0.2

PC2 (6.96% )

0.6

0.4

o

*

&

SRR IR R R SRR IR RS RRIRR RN

0.2 4

o
o

1
2

20600 30600

Sequences Number

PCoA - PC1 vs PC2

0 10000

L 4

0.1 0.0 0.1 02 03 04

PC1 ( 14.87% )

m LSE
® MSE
A HSE
¢ CG





OPS/images/fmicb-13-942848/fmicb-13-942848-g003.jpg
A . B 1-
3 3!
S 0.754 5 0754
- o
= g
E 3
< <
o 054 o 051
- 3=
= ~—
= =~
D D
o a7
0.254 0.25+4
. < 2 2 o
Group Name
B Ott.lers = Syn.ergistota. B Others
B Spirochaetota [ Actinobacteria B Euryarchaeota B Ruminococcaceae
M Desulfobacterotalil unidentified Bacterialll Bacteroidota M Lachnospiraceae
C 1 -
o 0.75-
=
S
g
S
2
<< 0.5-
O
>
g=
<
—
D]
a
0.25-
0 - ,

Group Name

< o
N O

Group Name

! Rikenellaceae

- ; . e " Bifidobacteriaceac ™ F082
W Acidobacteriota Ml Proteobacteria B Firmicutes I Succinivibrionaceae i Acidaminococcaceae Il Prevotellaceae

Il Methanobacteriaceac Il Selenomonadaceae

Others
UCG-004

- Sphaerochaeta

~ Acidothermus
Lachnospiraceae_ XPB1014_group
Mycoplasma

B Candidatus_Saccharimonas
Desulfovibrio
Prevotellaceae_UCG-003

B Lachnospiraceae_ND3007_group

I Fretibacterium

- Acetitomaculum

M Selenomonas

I Anaerovibrio

M Prevotellaceae  UCG-001

M NK4A214 group

M Alloprevotella

M Lachnospiraceae_ NK3A20_group

I Succinivibrionaceae _UCG-002

M Veillonellaceae  UCG-001

. Bifidobacterium

M Succinivibrio

M Ruminococcus

M Rikenellaceae_ RC9 gut _group

Il Christensenellaceae_R-7_group

. SP3-e08

M Succiniclasticum

1 Methanobrevibacter

M unidentified F082

M Prevotella

B Quinella





OPS/images/fmicb-13-991266/fmicb-13-991266-t004.jpg
Treatments®

Items CON RPCB CB SEMP P-value

TNF-a 0.87 1.00 2.03 0.34 0.335
IL-1B 1.31 0.89 1.84 0.34 0.554
IL-6 0.97 2.19 2.12 0.48 0.549
IL-10 0.57 1.83 2.64 0.55 0.326

Treatments: CON, control group without on the basic diet; RPCB, ad 1.0 x 10° CFU
rumen protected C. butyricum per kg of basic diet, DM basis; CB, ad 1.0 x 10° CFU
C. butyricum per kg of basic diet, DM basis.

PSEM: Standard error of the means (1 = 5 goats/group).
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Treatments!

Items CON RPCB CB SEM? P-value
Firmicutes 69.43 64.65 70.86 1.92 0.414
Bacteroidetes 18.99 13.34 16.84 1.63 0.391
Verrucomicrobia 4.20° 11.00 3.68° 1.22 0.010
Unclassified 2.45° 4.582 2.70° 0.38 0.030
Proteobacteria 1.69 1.96 1.67 0.15 0.698
Actinobacteria 0.54 1.94 1.55 0.52 0.565
Sirochaetes 0.72 0.77 1.11 0.13 0.469
Tenericutes 0.39 0.29 0.39 0.07 0.828
Fibrobacteres 0.48 0.20 0.22 0.10 0.463
Lentishaerae 0.28 0.29 0.24 0.05 0.922
Candidatus 0.22 0.41 0.12 0.06 0.099
Melainabacteria

Lanctomycetes 0.21 0.15 0.21 0.03 0.761
Synergistetes 0.17 0.13 0.22 0.06 0.871
Elusimicrobia 0.08 0.14 0.05 0.02 0.315

ITreatments: CON, control group without on the basic diet; RPCB, ad 1.0 x 10° CFU
rumen protected C. butyricum per kg of basic diet, DM basis; CB, ad 1.0 x 10° CFU
C. butyricum per kg of basic diet, DM basis.

2SEM: Standard error of the means (n = 5 goats/group).

®Mean values with different superscripts are significantly different (P < 0.05).
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Ruminococcaceae_unclassified
Firmicutes_unclassified
Bacteroidales_unclassified
Lachnospiraceac_unclassified
Verrucomicrobiaceae_unclassified
Clostridium

Unclassified
Clostridiales_Family_IV._Incertae_Sedis_unclassified
Ruminococcus

Clostridiales_unclassified

Sharpea

Bacteroidetes_unclassified

Akkermansia

Alistipes

Bacteroides

Clostridia_unclassified

Oscillibacter

Pseudoflavonifractor
Veillonellaceae_unclassified

Acetivibrio

Treponema

Olsenella

Clostridiaceac_unclassified
Candidatus_Melainabacteria_unclassified
Bifidobacterium

Others

Treatments:
per kg of basic diet, DM basis.
2SEM: Standard error of the means (1 = 5 goats/group).

CON

2481
1519
12.34
563
2.67
4.58"
245"
275
262
223
0.00
190
024"

192
1.59
1.00°
123
093
074
087
0.65
0.12

071

022%
013
9.79

Mean values with different superscripts are significantly different (P < 0.05).

Treatments'

RPCB

22.80
1453
8.81
538
678
3.08°
458
270
274
217
0.04%
1.24
4.15%
178
0.75
081>
101
122
095
0.66
0.61
1.41
024"
041
013
8.61

CB

2322
15.02
10.16
5.14
288
3.00°
270°
229
226
242
013
2.89
058
088
1.49
L6
115
097
071
085
1.08
0.75
017"
012
043
8.56

SEM?

113
0.73
124
0.47
1.04
0.30
0.38
0.30
0.33
0.20
0.02
0.37
0.80
0.31
0.23
0.16
0.11
0.09
0.06
0.11
0.12
0.46
0.07
0.06
0.07
0.46

P-value

0.774
0.939
0.538
0.925
0.196
0.042
0.030
0.816
0.845
0.883
0.098
0.186
0.068
0.363
0.287
0.086
0.718
0.404
0.256
0.714
0.241
0.562
0.000
0.099
0.085
0.504

N, control group without on the basic diet; RPCB, ad 1.0 x 10° CFU rumen protected C. butyricum per kg of basic diet, DM basis; CB, ad 1.0 x 10° CFU C. butyricum





OPS/images/fmicb-13-991266/fmicb-13-991266-t007.jpg
Items

Uncultured_Clostridium_sp.
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Clostridiales_Family_XII. Incertae_Sedis_unclassified
Clostridium_sp._Clone7

Clostridium butyricum®

"Treatment
per kg of basic diet, DM basis.

2SEM: Standard error of the means (n = 5 goats/group).
3C. butyricum is a special concern at the Clostridium speci

CON

439
275
223

1.00%®

0.71*
0.25
019
015
0.08
0.07
0.04
0.00

®Mean values with different superscripts are significantly different (P < 0.05).

Treatments'

RPCB

282
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217

081°

0.24°
017
018
007
0.10
015
005
001

CB

261"
229
242
164
0.17°
026
0.16
015
011

001

011

002

SEM?

0.306
0.303
0.202
0.164
0.075
0.036
0.018
0.023
0.013
0.032
0.022
0.005

P-value

0.020
0.816
0.883
0.086
0.000
0.565
0.878
0.348
0.625
0.206
0.442
0.232

20N, control group without on the basic diet; RPCB, ad 1.0 x 10° CFU rumen protected C. butyricum per kg of basic diet, DM basis; CB, ad 1.0 x 10° CFU C. butyricum
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Treatments!

Items CON RPCB CB SEM? P-value
ACTB 0.99 1.16 1.02 0.10 0.795
Occludin 0.68P 1.14% 1.73 0.19 0.055
Claudin-1 2.01 2.52 1.79 0.60 0.892
Claudin-4 0.73b 1.08% 1.46% 0.12 0.026
Zo-1 0.65 1.59 1.77 0.32 0.344

Treatments: CON, control group without on the basic diet; RPCB, ad 1.0 x 10° CFU
rumen protected C. butyricum per kg of basic diet, DM basis; CB, ad 1.0 x 10° CFU
C. butyricum per kg of basic diet, DM basis.

2SEM: Standard error of the means (1 = 5 goats/group).

b Mean values with different superscripts are significantly different (P < 0.05).
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Items Groups'! SEM P-value
H (33.0%) MH (29.9%) M (28.1%) ML (26.5%) L (24.8%)
Phylum (%)
Bacteroidetes 53.7132 55.4712 57.0102 54.5512 42.073b 1.224 < 0.001
Firmicutes 43,5720 41.801° 39.772° 42.100° 52.5102 1.321 0.019
Tenericutes 0.779° 0.789° 1.173P 1.275P 1.8212 0.154 < 0.001
Spirochetes 0.470° 0.621P 0.8872 0.763° 1.2592 0.136 0.002
Planctomycetes 0.680° 0.355° 0.414° 0.4210 1.1572 0.117 0.033
Genus (%)
Prevotella 1 26.776P 29.889% 22.167¢ 20.669¢ 15.5184 0.696 < 0.001
Rikenellaceae RC9 gut group 55710 4.105° 7.4842 7.9052 6.117° 0.276 < 0.001
Prevotellaceae NK3B31 group 1.482° 1.795° 2.347° 45102 3.468° 0.291 < 0.001
Prevotellaceae UCG-001 2.4492 22258 1.9920 2.146% 1.910P 0.206 0.037
Prevotellaceae UCG-003 0.881P 1.4792 1.5052 1.4262 0.937° 0.084 < 0.001
Ruminococcus 1 0.651° 1.308? 0.920° 0.917° 0.631° 0.106 0.001
Ruminococcus 2 1.091bc 0.812¢ 1.131bc 1.236P 2.2092 0.108 0.003
Ruminococcaceae UCG-002 0.230° 0.4272 0.3452 0.4372 0.3428b 0.086 0.022
Ruminococcaceae UCG-004 0.289% 0.197% 0.141° 0.194% 0.306° 0.046 0.022
Ruminococcaceae UCG-005 0.5130 0.457b 0.529b 1.4402 0.306° 0.070 < 0.001
Ruminococcaceae UCG-010 0.5692 0.63820 0.8182 0.746 0.450° 0.099 0.029
Ruminococcaceae UCG-011 1.335° 1.167° 1.8972 1.831%8 1.8282 01413 < 0.001
Ruminococcaceae UCG-014 0.559° 1.052° 0.894% 0.703% 1.5382 0.116 < 0.001
Ruminococcaceae NK4A214 group 11.2128b 10.2550¢ 8.576° 10.476% 12.9572 0.674 0.001
Lachnospiraceae AC2044 group 0.519° 3.9902 0.861% 0.9140 0.786°° 0.108 < 0.001
Lachnospiraceae UCG-004 0.424b° 0.486° 0.293° 0.299° 1.206° 0.055 < 0.001
Lachnospiraceae UCG-008 0.615° 0.631P 0.319¢ 0.440b° 0.9272 0.124 < 0.001
Christensenellaceae R-7 group 13.8712 7.129° 7.240° 10.002P 14.7912 0.608 < 0.001
Butyrivibrio 2 0.789° 1.009P 1.9692 1.049° 0.976° 0.144 0.049
Moryella 0.5952 0.273° 0.309° 0.273° 0.4372b 0.072 0.005
Pseudobutyrivibrio 0.1710 0.247° 1.7882 0.3420 0.174° 0.103 < 0.001
Sporolactobacillus 1.0228b 0.874° 0.878° 0.904° 1.5122 0.156 0.010
Treponema 2 0.5952 0.273° 0.309° 0.273° 0.4372b 0.072 0.005
p-1088-a5 gut group 0.289% 0.197% 0.141° 0.194% 0.306° 0.046 0.036
Uncultured (%)
f_F082| g_uncultured 10.1112 6.853¢ 10.3972 8.507P 7.7740¢ 0.284 < 0.001
f_Muribaculaceae| g_uncultured 3.389° 5.085% 6.045% 5.8772 3.100° 0.292 0.015
f_Bacteroidales RF16 group| g_uncultured 0.483% 0.7722 0.667% 0.546° 0.306° 0.057 < 0.001
f_Bacteroidales BS11 gut group| g_uncultured 0.243° 0.7822 0.7132 0.3320 0.358° 0.065 < 0.001
f_Paludibacteraceae| g_uncultured 0.365° 0.427% 0.5462 0.460% 0.398% 0.046 0.034
f_p-251-05| g_uncultured 0.463% 0.197° 0.6342 0.289% 0.424° 0.055 < 0.001
f_Lachnospiraceae| g_uncultured 0.930° 1.13480 1.2922 0.832° 1.13420 0.093 0.004
o_Mollicutes RF39| f_uncultured 0.772° 0.782° 1.150P 1.256P 1.8142 0.153 < 0.001

a=CMeans within a row with different superscripts differ significantly (o < 0.05).
1Groups: different peNDF1.1g (PS > 1.18 mm) contents of 33.0, 29.9, 28.1, 26.5, and 24.8% were obtained by chopping or crusher crushing the forage into the following
lengths: H (7 cm), MH (4 cm), M (1 cm), ML (5-0 mm sieve), and L (1-mm sieve).
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Functions Groups'! SEM P-value

H (33.0%) MH (29.9%) M (28.1%) ML (26.5%) L (24.8%)
Metabolism
Nucleotide metabolism 7.1902 7.103° 7.064° 7.1128b 7.095° 0.025 0.006
Amino acid metabolism 10.654¢ 10.693% 10.962° 10.836° 11.1962 0.044 < 0.001
Metabolism of other amino acids 2.146%0 2.1542 2.138° 2.151@ 2.110° 0.004 < 0.001
Carbohydrate metabolism 15.8682° 15.778° 15.811P 16.0262 15.511¢ 0.062 < 0.001
Glycan biosynthesis and metabolism 4.4152 4.208P° 4.196° 4.397% 3.979¢ 0.056 < 0.001
Lipid metabolism 2.810° 2.815° 2.822% 2.8532 2.752° 0.011 < 0.001
Energy metabolism 6.636° 6.648P° 6.68120 6.68120c 6.7062 0.014 0.003
Genetic information processing
Translation 6.6512 6.526° 6.425P° 6.497° 6.320° 0.033 < 0.001
Replication and repair 6.3102 6.2020 6.078° 6.170% 5.9519 0.032 < 0.001
Folding, sorting, and degradation 2.9472 2.902% 2.879° 2.914% 2.828° 0.015 < 0.001
Environmental information processing
Membrane transport 8.197¢ 8.644P 8.4550¢ 8.056° 9.0852 0.125 < 0.001
Signal transduction 6.024¢ 6.165P° 6.3462° 6.170b° 6.479% 0.067 < 0.001
Cellular processes
Cell motility 1.724bc 1.8812 1.8282b 1.669° 1.9622 0.046 0.001
Cell growth and death 1.8082 1.79920 1.791P 1.790P 1.796° 0.003 0.002
Organismal systems
Endocrine system 0.4222 0.415% 0.404° 0.4202 0.378° 0.004 < 0.001
Immune system 0.1432 0.133° 0.135bc 0.1442 0.123 0.003 < 0.001
Digestive system 0.5342 0.484° 0.487° 0.530% 0.427 0.013 < 0.001
Human diseases
Infectious diseases 1.6452 1.6412 1.616° 1.617° 1.564° 0.004 0.043

a—=d\Means within a row with different superscripts differ significantly (p < 0.05).
1Groups: different peNDFy.1g (PS > 1.18 mm) contents of 33.0, 29.9, 28.1, 26.5, and 24.8% were obtained by chopping or crusher crushing the forage into the following
lengths: H (7 cm), MH (4 cm), M (1 cm), ML (5-mm sieve), and L (1-mm sieve).
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ltems Groups'! SEM P-value

H (33.0%) MH (29.9%) M (28.1%) ML (26.5%) L (24.8%) ANOVA linear quadratic

Dorsal sac

Papilla length (mm) 1.015¢ 1.427b¢ 1.642P 22812 1.652b 0.205 < 0.001 < 0.001 0.003
Papilla width (mm) 0.5602P 0.487° 0.5952 0.533% 0.5882 0.034 0.046 0.194 0.349
Muscle thickness (mm) 1.4702 1.327° 1.130° 1.4462 1.210° 0.125 0.014 0.159 0.330
Ventral sac

Papilla length (mm) 1.405 1.657 1.594 1.554 1.850 0.271 0.374 0.198 0.875
Papilla width (mm) 0.558° 0.5832 0.6642 0.584% 0.449° 0.031 < 0.001 0.003 < 0.001
Muscle thickness (mm) 1.237 1.156 1.423 1.199 1.493 0.131 0.069 0.061 0.452

a=CMeans within a row with different superscripts differ significantly (o < 0.05).
1Groups: different peNDFy.1g (PS > 1.18 mm) contents of 33.0, 29.9, 28.1, 26.5, and 24.8% were obtained by chopping or crusher crushing the forage into the following
lengths: H (7 cm), MH (4 cm), M (1 cm), ML (5-mm sieve), and L (1-mm sieve).
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H (33.0%) MH (29.9%) M (28.1%) ML (26.5%) L (24.8%)
Chaot 1,179.535 1,473.747 1,485.104 1,544.153 1,535.871 189.289 0.344
ACE 1,203.733 1,524.217 1,5638.947 1,593.639 1,584.490 204.956 0.350
Simpson 0.985° 0.990% 0.993? 0.989% 0.087% 0.001 0.001
Shannon 5.391° 57112 5.9392 5.672% 5.702% 0.144 0.043
PD 54.047 67.621 71.232 67.648 69.662 10.585 0.529
Coverage 0.972 0.963 0.965 0.960 0.961 0.006 0.392

a=CMeans within a row with different superscripts differ significantly (o < 0.05).
1Groups: different peNDF1.1g (PS > 1.18 mm) contents of 33.0, 29.9, 28.1, 26.5, and 24.8% were obtained by chopping or crusher crushing the forage into the following
lengths: H (7 cm), MH (4 cm), M (1 cm), ML (5-mm sieve), and L (1-mm sieve).
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Items Content of peNDF2

H (33.0%) MH (29.9%) M (28.1%) ML (26.5%) L (24.8%)
% DM retained on sieves
19 mm 27.3 1.2 7.0 0.0 0.0
8 mm 9.7 11.8 9.3 6.3 3.1
1.18 mm 39.9 46.8 494 55.5 54.6
Pan 23.1 30.2 34.4 38.3 42.3
Physically effective factor®
pefs.o 370 23.0 16.3 6.3 3.1
pefi.1g 76.9 69.8 65.6 61.7 57.7
peNDF content (%, DM)°
peNDFg.o 15.9 9.8 7.0 27 1.3
peNDF;.1g 33.0 29.9 28.1 26.5 24.8

aThe different peNDF4.1g (PS > 1.18 mm) contents of 33.0, 29.9, 28.1, 26.5, and
24.8% were obtained by crushing the forage into 7 cm (H), 4 cm (MH), 1 cm (M),

5mm (ML), or T mm (L).

bPhysical effectiveness factor determined as the proportion of the DM of particles
retained on two sieves (19 mm and 8 mm) or on three sieves (19 mm, 8 mm, and

1.18 mm), respectively.

®peNDF content, physically effective factor * NDF; peNDFg.q and peNDFj.4s,
physically effective NDF determined as NDF content of ration sample multiplied

by pefg g and pefy 1g, respectively.
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ltems Groups'! SEM P-value
H (33.0%) MH (29.9%) M (28.1%) ML (26.5%) L (24.8%)

Initial BW (kg) 21.4 21.3 215 21.4 215 0.249 1.000

Final BW (kg) 24.6 24.9 25.2 26.0 24.1 0.332 0.480

DMI (g/day) 678° 7040 737 8312 702° 17.55 0.032

ADG (g/day) 70.6° 75.18 83.0% 98.52 58.7° 3.720 0.043

a=C\Means within a row with different superscripts differ significantly (o < 0.05).
1Groups: different peNDF1.1g (PS > 1.18 mm) contents of 33.0, 29.9, 28.1, 26.5, and 24.8% were obtained by chopping or crusher crushing the forage into the following
lengths: H (7 cm), MH (4 cm), M (1 cm), ML (6-mm sieve), and L (1-mm sieve).
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32.97%
165 rRNA gene sequence analysis
Effective sequences 30,923
OUT number 87.00"
Chaol 12689"
Shannon 130°
Simpson 062"
ITS sequence analysis
Effective sequences 32,721
OUT number 458"
Chaol 4226"
Shannon 39100
Simpson 0939

29.93%

31948
52.67"

64.20%
0.61°
023

33,025
406
404.0°
3.051°
0.837°

Dietary peNDF_; g1
28.14%

30293
51.00°

57.98%
0.56¢
0.20°

33,115
381¢
357.2¢
365"
0854>

26.48%

30,977

46.67
53.95"
0.60¢
023

33,258
441°
4823
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0.835°

24.75%

33,370
5467"

65.50"
082
031"

34,944
354¢
333.0¢
2,644
0.728¢

SEM

74348
459
924
0.07
004

827.65
80.59
19.96
0.077
0.008

p-value

0779

0.008

0.038
<0.001
<0.001

0948
<0.001
<0.001
<0.001
<0.001

IDifferent dietary peNDF.1.15 (particle size >1.18 mm) contents of 32.97, 29.93, 25.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following
lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5 mm sieve), very fine (1 mm sieve).

Different letters*¢ denote p < 0.05.
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32.97%
Genus (%)
Methanobrevibacter 99.60™
Methanosphaera 020"
Species (%)
Methanobrevibacter sp. YE315 5291°
Methanobrevibacter boviskoreani JH1 35.74*
Haemonchus placei 8.39"
Methanobrevibacter sp. G16 116
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Uncultured (%)
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Dietary peNDF_
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0.05% 0.07%
88.62* 90.42*
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012
008

005

p-value

0.042
0.007

<0.001
<0.001
<0.001
<0.001
0.001

0.114

! Different dietary peNDFs 115 (particle size >1.18 mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5 mm sieve), very fine (1 mm sieve).

Different letters*~¢ denote p < 0.
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IDifferent dietary peNDF..1.15 (particle size >1.18 mm) contents of 32.97, 29.93, 2

32.97%
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18,50

291
763
041
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0852
o001
0.689"
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Dietary peNDF_ | g1

29.93%
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1185"
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0514"
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0.248"
0.220%
7.399*

35.625°
2282
2.173%
0813
3.488%
2196

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5 mm sieve), very fine (1 mm sieve).

Different letters*~< denote p < 0.05.
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12.625¢
1.682¢
0672°
4.024%
2.088"

SEM

1413
1302
1,359
0.685
0.032

0531
0.157
0.055
0.083
0.087
0.059
0.050
0.044
0379

1301
0773
0.182
0.084
0.660
0137

P-value

<0.001
<0.001
<0.001
0.188
<0.001

<0.001

<0.001

<0.001
0.002
0.005
0.007
0.013
0.014
0013

<0.001
0.009
0.010
0011

<0.001

<0.001

, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following
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Items

Metabolism

Amino acid metabolism

Biosynthesis of other secondary metabolites
Carbohydrate metabolism

Energy metabolism

Enzyme families

Glycan biosynthesis and metabolism
Lipid metabolism

Metabolism of cofactors and vitamins
Metabolism of other amino acids
Metabolism of terpenoids and polyketides
Nucleotide metabolism

Xenobiotics biodegradation and metabolism
Cellular processes

Cell growth and death

Cell motility

Transport and catabolism

Environmental information processing
Membrane transport

Signal transduction

Signaling molecules and interaction
Genetic information processing

Folding, sorting and degradation

Replic

n and repair
Transeription

Translation

Human diseases

Cancers

Cardiovascular diseases
Infectious diseases
Metabolic diseases
Neurodegenerative diseases
Organismal systems
Environmental adaptation
Nervous system

Unclassified

s long (7 cm), me
=4 denote p < 0.

Different letter

32.97%

10.258*
1.066°
10.109
6.009"
22310
2704
2.745>
4.619"
1.536"
1.746*
4344
1.503"

0562
2554
0.365"

9.374°
1.489°
0.472°

2.588"
9.607*
2.699°
6.144°

0.106

0213
0245
0.116"
o

0.151¢
0.107*

), very fine (1

Dietary peNDF_; g1

29.93%

10.186™
1.074°

10234
6.002*
2236
27128
2702¢
4.604*
1545
1755
4338
1573

0574
2.485"
034"

9.550"
1.456°
0171

2582
9.588
2.662
6.142°

0.107
0215
0242
0114
0.105"

0.151¢
0.104%

m sieve).

28.14%

10.178
1097
10285
6.034%
2233
2.716*
2740
4.543°
1563
1.723%
4.282"
1515¢

0.558"
2728
0.370°

9511°
1.538"
0.168"

2589
9.502"
2.631¢
6.100%

0.107
0214
0240%
o7
0.110°

0.160°
0.103¢

26.48%

10.184°
1.069°
10.183%
6059
2229
2.735*
2.738"
4583
1543
1738
4343
1.546°

0.565"
2541°
0.369"

9.374%
1.491¢
0171°

2,609
9.646"
2.644%
6209

0.106
0213
0.240%
0119
0.110®

0.154"
0.105*

24.75%

10.048¢
1.003¢
10163
5828
2199
2415>
2829
4418
1463
1702¢
4239
1652

0542¢
2.860°
0334°

10242
1.586"
o161

2523
9.455"
2830
6.085°

0.106
0212
0238¢
0115
0.107°

0.160*
0.104>

SEM

0.019
0.009
0.017
0.023
0.004
0.033
0.012
0.020
0.009
0.005
0.012
0.013

0.003
0.039
0.004

0.091
0.013
0.001

0.008
0.020
0.020
0.012

0.001
0.001
0.001
0.001
0.001

0.001
0.001

p-value

<0001
<0.001
<0.001
<0.001
<0.001
<0.001
<0.001
<0001
<0.001
<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001

<0.001
<0.001
<0.001
<0.001

0179
0.159
0.001
<0.001
0.028

<0.001
<0001

ry peNDF 115 (particle size >1.18 mm) contents of 32.97, 29.93, 25.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following
m (4 cm), short (1 cm), fine (3 mm
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Items Dietary peNDF, | 182

32.97% 29.93% 28.14% 26.48% 24.75%

Particle separator of TMR®
Particles > 19.00 mm (%) 2725 117 698 0 0
Particles 8.00t0 19.00mm (%) 972 1178 927 627
Particles 118 08.00mm (%) 3991 4683 4936 5546

Particles < 1.18 mm 2302 3022 3439 3827

Physical effectiveness factor®

pefiso0 (%) 3697 2295 1625 627 312
pefiras (%) 7688 6978 6561 6173 5771
PeNDE content of DM

PeNDF500 (%) 158 984 697 269 134
PeNDE., 15 (%) 3297 2993 2814 2648 2475

*Different dietary peNDF. 15 (particle size >1.18 mm) contents of 32.97, 29.93, 28.14,
2648, and 24.75% were obtained by chopping or crusher crushing the forage into the
following lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5 mm sieve), very fine

(1 mm sieve).

bParticle length of ration variables was measured using the Penn State Particle Separator.

pef..50 and pef.. 15, physical effectiveness factor determined as the proportion of whole
samples particles retained on 2 sieves or on 3 sieves, respectively.

4peNDE 500 and peNDEs 115, physically effective NDF determined as NDF content of
ration sample multiplied by pef, 500 and pef.. 1 15, respectively.
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Item

32.97%
Intake (g)
PeNDF.500 107.53
peNDE. 15 22354
Apparent nutrient digestibility (%)
Dry matter 66.07*
Organic matter 72.80°
Crude protein 64.14°
Neutral detergent fiber 6353
Acid detergent fiber 65.90"

"Different dietary peNDF- 115 (particle size >1.18 mm) contents of 32,

29.93%

69.27°
210.71°

6438
710
63.25"
6783
63.29%

Dietary peNDF_ | g1

28.14%

51.37¢
207.39°

68.03°
78.90°
73.06"
67.82°
70.10°

lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5 mm sieve), very fine (1 mm sieve).

Different letters®¢ denote p < 0.05.

26.48%

2235¢
220,05

65.00°
68.04%
63.56"
5333
53.89"

24.75%

9.41°
173.75¢

53.07°
59.00°
62.29"
39.92¢
4237

SEM

514
893

171
203
189
384
361

p-value

<0.001
<0.001

0.019

0.006

0016
<0.001
<0.001

29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following
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Items

DM (%)
OM (%)
NDF (%)
ADF (%)

Regression model

—0.441x% + 26.679x - 334.996
¥ =—0.557x + 33.619x - 4309

y=—0.954x* + 57.927x - 810.075
y=—0.727x" + 44.588x - 615.365

0.654
0558
0733
0.602

p-value

0.002
0.007
<0.001
0.004
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Items Dietary peNDF_ | 151 SEM p-value

32.97% 29.93% 28.14% 26.48% 24.75%
CH, (L/d) 15.03" 16.12° 1637 17.93* 14.68" 032 0.003
CH,/DMI (L/kg) 2284 2353 252 2238 2152 025 0431
Ruminal pH 6.1 6.2 6.2 6.3 6.1 0.07 0.263
Total VFAs (mmol/L) 7630 78.57 8342 858 83.10 429 0.476
Acetate (mmol/L) 5461 56.05 6039 61.98 59.03 294 0376
Propionate (mmol/L) 1238 13.57 1463 14.59 1405 033 0295
Butyrate (mmol/L) 932 896 840 871 1001 037 0.846
Acetate/Propionate 443 4.16 4.16 425 421 023 0.909
NH;-N (mg/100mL) 16.40° 19.45" 19.70* 1417 118" 1.06 0.020
MCP (mg/mL) 257 2400 2340 228" 226" 0.04 0.009

IDifferent dietary peNDF...15 (particle size >1.18 mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following
lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5 mm sieve), very fine (1 mm sieve).
Different letters*® denote p < 0.05.
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Items % of dry matter

Ingredients

Ground corn 37.10
Soybean meal 230
Wheat bran 290
Alfalfa hay 10.00
Peanut vine 9.00
Leymus chinensis 360
Calcium carbonate 017
Calcium hydrogen phosphate 102
Sodium chloride 051
Premix* 1.00
Total 100.00

Chemical composition®

Metabolic energy, ME (M/kg) 1023
Crude protein 8.87
Neutral detergent fiber 42.89
Acid detergent fiber 305
Calcium 074
Phosphorus 0.87

*Premix (per kg) contains: Cu 1800 mg, Fe 4,000mg, Zn 6,500mg, Mn 8000 mg, [
100 mg, Se 5mg, Vitamin A 800 kIU, Vitamin D 120 KIU, Vitamin E 50 kIU, Vitamin
Ks 200 mg, Vitamin B, 200 mg, Vitamin Byz 5 mg.

bMetabolic energy is calculated, and the remaining indicators are measured values.
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Items Dietary peNDF_ | g1 SEM p-value
32.97% 29.93% 28.14% 26.48% 24.75%

Trophic mode Fun guild Guild OTU richness (%)

Symbiotroph Fungal parasite 12.67° 11.31° 8.25¢ 15.75% 10.94° 0.68 < 0,001
Arbuscular mycorrhizal 1.73% 0.69° 121° 1.54° 0.56° 0.12 < 0.001
Ectomycorrhizal 3160 074 201 117 211¢ 023 <0.001
Animal endosymbiont 11.95° 2132 1001 10.89° 7.36¢ 129 <0.001

Saprotroph Wood saprotroph 1473 12.76" 1430 20,64 9.99" 1.01 <0.001
Soil saprotroph 617" 6.08> 575" 9.33 492" 0.46 0.002
Undefined saprotroph 3.04 235° 1.49¢ 2.86% 215" 0.15 <0001

Pathotroph Animal pathogen 47.40™ 38.34% 28.62° 53.06" 37.36% 242 <0001
Plant pathogen 442 434> 3.48" 5.95% 3.58" 0.27 <0001

IDifferent dietary peNDF. 115 (particle size >1.18 mm) contents of 32.97, 29.93, 28.14, 26.48, and 24.75% were obtained by chopping or crusher crushing the forage into the following
lengths: long (7 cm), medium (4 cm), short (1 cm), fine (5 mm sieve), very fine (1 mm sieve).
Different letters*= denote p < 0.05.
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Item Basal diet

Ingredient (g/kg DM)

Corn 224

Wheat bran 179

Soybean meal 60.0
Rapeseed meal 1.00
Maize straw 500

Urea 10.8
Salt 6.00
Vitamin/mineral premix® 20.0
Nutrient composition (g/kg DM)

Crude protein 126.9
Acid detergent fiber 231.8
Neutral detergent fiber 493.5
Calcium 2.00
Phosphorus 4.00
Metabolizable energy (MJ/kg) 2.26

angredients composition (% DM), contained 22.4% of corn, 17.9% wheat bran,
6.0% of soybean meal, 0,1% of rape seed meal, 50% of maize stover, 1.08% of
urea, 0.6% of salt, and 2.0% of premix.

Premix formulated (per kg of dietary DM): 119 g of MgSO4-Hz0, 1.53 g of
FeS04-H20, 0.8 g of CuSO4-5H2 O, 3 g of MnSO4-H20, 5 g of ZnSO4-Ho O, 10 mg
of NaySeO3, 40 mg of KI, 30 mg of CoCls-6H,0, 95,000 IU of vitamin A, 17,500
U of vitamin D, and 18,000 IU of vitamin E.
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Target species

Bacteria

Protozoa

Methanogens

Fungi

Prevotella ruminicola

Selenomonas ruminantium

Ruminococcus albus

Ruminococcus flavefaciens

Fibrobacter succinogenes

Ruminobacter amylophilus

Primer

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Primer sequence (5'-3')

CGGCAACGAGCGCAACCC
CCATTGTAGCACGTGTGTAGCC
GCTTTCGWTGGTAGTGTATT
CTTGCCCTCYAATCGTWCT
GGATTAGATACCCSGGTAGT
GTTGARTCCAATTAAACCGCA
GAGGAAGTAAAAGTCGTAACAAGGTTTC
CAAATTCACAAAGGGTAGGATGATT
GAAAGTCGGATTAATGCTCTATGTTG
CATCCTATAGCGGTAAACCTTTGG
CAATAAGCATTCCGCCTGGG
TTCACTCAATGTCAAGCCCTGG
CCCTAAAAGCAGTCTTAGTTCG
CCTCCTTGCGGTTAGAACA
CGAACGGAGATAATTTGAGTTTACTTAGG
CGGTCTCTGTATGTTATGAGGTATTACC
GTTCGGAATTACTGGGCGTAAA
CGCCTGCCCCTGAACTATC
CTGGGGAGCTGCCTGAATG
GCATCTGAATGCGACTGGTTG

Size (bp)

146

223

192

120

74

138

176

132

121

102

Reference

Denman and McSweeney, 2006

Sylvester et al., 2004

Hook et al., 2009

Denman and McSweeney, 2006

Stevenson and Weimer, 2007

Stevenson and Weimer, 2007

Koike and Kobayashi, 2001

Denman and McSweeney, 2006

Denman and McSweeney, 2006

Stevenson and Weimer, 2007

E' (%)

100.4

96.3

101.9

97.2

99.8

102.2

101.3

102.2

100.7

100.3

1 Efficiency.
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Gutregions  Diet? Items

pH Ammonia (mM) dH,' dCH; dH.S

Small intestine Control ~ 7.10 1.20% 1.40° 0.30° 29.9°
Met  7.00 1.308 077¢ 031 330°

Lys 6.05 1.31¢ 1.37¢  0.34°  27.0°

ML 7.09 1.41¢ 0.80°  0.28°  34.0°

Foregut Control  6.87 6.374 2432 3412 190.4°
Met  7.20 10.8P° 149 1.70%4 32532

Lys 6.70 11.4b° 215%  2.90%  187.3°

ML 6.90 16.42 13.7¢  1.81°d  301.8?

Hindgut Control ~ 6.85 4,949 142 211°  131.2d
Met  6.98 8.85¢ 7.629 1219 2490P

Lys 7.06 8.01¢ 13.1¢  237°¢ 151,09

ML  6.96 13.70 6.639  1.429 2458

SEM  0.24 0.12 0.1 0.02 2.59

P-value Gut  0.2134 0.0302 0.0434 0.0802 0.0200
Diet 0.1425 0.0300 0.0329 0.0400 0.0334

Gut'Diet 0.1201 <0.0001 <0.0001 <0.0001 <0.0001
"Dissolved  hydrogen  (wM),  dissolved  methane  (mM),  dissolved

hydrogen sulfur (mM).

2Basic diet without supplementation (Control), control supplemented with methio-
nine (Met), and control supplemented with lysine (Lys), control supplemented with
methionine and lysine (ML). Results beard different letters indicate significant, while
results beard same letters indicate not significant variation.
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Item Dissolved Hy Dissolved CH,

Small | Foregut Hindgut Small | Foregut Hindgut
Ammonia (mM) 0.10 0.90 0.65 0.09 0.82 0.67
Total volatile fatty acids (mM) 0.02 0.89 0.71 0.01 0.85 0.64
Acetate 0.03 0.82 0.62 0.00 0.92 0.72
Propionate 0.06 0.84 0.64 0.06 0.90 0.69
Butyrate 0.01 0.77 0.69 0.07 0.82 0.74
Valerate 0.04 0.73 0.71 0.11 0.65 0.69
Isobutyrate 0.03 0.82 0.68 0.03 0.78 0.58
Isovalerate 0.05 0.79 0.62 0.02 0.85 0.71
Individual fatty acids (mol/100 mol)
Acetate —0.08 —0.95 —0.71 —0.10 —0.84 —-0.79
Propionate 0.13 0.82 0.69 0.06 0.79 0.59
Butyrate —0.11 —0.61 —0.50 -0.12 —0.89 —0.62
Valerate —0.09 —0.71 —0.64 —0.08 —-0.75 -0.72
Isobutyrate 0.13 0.72 0.57 0.07 0.81 0.64
Isovalerate 0.17 0.89 0.74 0.13 0.73 0.66
Acetate to propionate ratio —0.07 —0.83 —0.81 —0.10 —-0.79 —-0.70
Dissolved gasses (mM)
Dissolved methane (dCHj4) 0.04 0.93 0.81
Dissolved hydrogen sulfur (dH2S) —0.06 —0.95 —0.83 —0.05 —0.91 —-0.74

1Correlation coefficient values () withr > 0.44 forp < 0.1, r > 0.52, p < 0.05, r > 0.66 for p < 0.01, r > 0.79 for p < 0.001.
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Gut regions

Small intestine

Foregut

Hindgut

P-value

1Basic diet without supplementation (control), control supplemented with methionine (Met), and control supplemented with lysine (Lys), and control supplemented with methionine and lysine (ML).

Fraction

Particle

Liquid

Particle

Liquid

Particle

Liquid

Diet!

Control
et
Lys
L
Control
et
Lys
ML
Control
et
Lys
L
Control
et
Lys
L
Control
et
Lys
ML
Control
et
Lys

SE
Gut (G)
Diet (D)
Fraction
Gut*Diet

Gut*F

Diet*F

G'D*F

Items Total microbial population Bacterial species
Bacteria Methanogens Protozoa Fungi P. ruminicola S. ruminantium R. amylophilus R. albus R. flavefaciens F. succinogenes
4.929 4.01f 4.629 3.299 4.97! 4.39f 4.09 4.399 4,109 3.969
5.159 4.18f 4839 4.049 459 427 3.99 4.499 4,199 4,069
5.019 4.09f 4.609 4179 4.92f 438 3.96 4.459 3.999 3.899
5.079 4,06 4,699 4.899 5.01f 452 4.04 4,539 4,089 4,089
4.829 3.93f 4.249 3.029 5.07f 436" 402 4.229 4,039 4,789
5.059 4.18f 4.409 4.329 479 4.42f 3.47 4.399 4100 3.999
5.509 3.89f 3.979 4.439 4.84f 451f 3.40 4.28¢ 3.579 4.929
5.279 416 4.749 4.279 4.62f 439 410 4.399 4.019 3.979
10.6° 8.84° 9.06° 8.58° 9.21° 8.01d 9.01 10.90 10.8° 10.1P
11.92 9.972 10.82 9.782 9.10° 9.63¢ 10.0 10.72 11.12 11.72
11.42 9.672 10.92 9.88? 9.01° 9.16° 10.9 11.02 10.72 10.82
12.22 9.822 11.32 10.22 10.6° 10.4P 10.2 10.92 11.02 10.62
8.07d 6.144 6.99¢ 6.73%d 10.90 10.0b 9.03 8.03d 8.02d 8.82d
9.70° 7.95° 8.52¢ 7.74° 11.08 11.02 10.3 9.89° 9.76° 9.78°
9.87¢ 7.91¢ 8.67° 7.82° 10.82 10.92 10.6 9.91° 9.94° 9.86°
9.99¢ 8.020¢ 9.04° 8.200¢ 11.72 11.22 10.0 9.86° 9.84¢ 10.0°
7.248 6.194 6.63° 6.01® 7.61° 7.89° 8.78 7.15° 7.01¢ 8.05°
9.59° 7.04° 7.884 6.98°d 8.01d 8.874 9.98 8.894 8.194 9.794
9.69° 7.14¢ 7.954 7.01¢d 8.02d 8.82d 9.89 8.97d 8.27d 9.78d
9.81° 7.10° 7.894 6.81°d 8.09¢ 9.45° 9.97 9.099 8.164 9.69¢
6.04f 4.29d 4,139 4.979 8.11d 8.094 8.89 5.09f 6.91f 6.19f
6.99¢ 5.82¢ 5.88f 5.98 9.99¢ 9.01¢ 9.62 7.23° 7.89¢ 7.89¢
7.26° 5.94¢ 5.84f 5.85f 10.0¢ 9.32° 9.78 6.99° 7.97° 7.93°
7.01® 6.109 5.73f 6.01° 9.97° 10.0P 9.80 7.09° 7.16° 7.95°
0.20 0.32 0.06 0.03 0.10 0.02 0.36 0.03 1.20 0.02
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
0.0303 0.0300 0.04102 0.0200 0.0223 0.0421 0.0311 0.0321 0.0400 0.0323
<0.0001 <0.0001 <0.0001 <0.0001 0.0193 0.0120 0.0244 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 <0.0001 0.0234 0.0310 0.0120 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001 <0.0001
<0.0001 <0.0001 <0.0001 <0.0001 0.2102 0.3101 0.1901 <0.0001 <0.0001 <0.0001

2Mlicrobiota logyo gene copy number per g of particle and liquid fractions of digesta in different gut regions of goats.
Results beard different letters indicate significant, while results beard same letters indicate not significant variation.





OPS/images/fmicb-13-870385/fmicb-13-870385-t007.jpg
Bacteria’ methanogen protozoa Fungi R. albus R. flavefaciens F. succinogenes

Foregut Hindgut Foregut Hindgut Foregut Hindgut Foregut Hindgut Foregut Hindgut Foregut Hindgut Foregut Hindgut

Protozoa 0.92 0.65 0.85 0.80 0.57 0.51 0.64 0.56 0.62 0.54 0.91 0.47

Fungi 0.78 0.73 0.78 0.51 0.54 0.54 0.73 0.57 0.87 0.63 0.82 0.62

Methanogen 0.89 0.70 0.78 0.65 0.86 0.75 0.67 0.51 0.71 0.69 0.73 0.51

R. albus 0.90 0.54 0.90 0.79 0.57 0.59 0.68 0.65 0.89 0.73 0.85 0.66

R. flavefaciens 0.76 0.59 0.83 0.64 0.75 0.66 0.85 0.74 0.85 0.67 0.89 0.57

F. succinogenes  0.86 0.60 0.89 0.74 0.87 0.49 0.79 0.63 0.78 0.53 0.96 0.67

To VFA? 0.86 0.78 0.64 0.75 0.86 0.67 0.89 0.69 0.83 0.53 0.86 0.89 0.86 0.65

dH,® 0.75 0.63 0.74 0.64 0.59 0.86 0.79 0.73 0.69 0.45 0.58 0.86 0.75 0.68

dHLS 0.63 0.53 -0538 -0.74 0.64 0.57 0.49 0.64 0.59 0.67 0.97 0.86 0.86 0.68

dCHy -0.85 -0.64 0.58 0.47 -058 -068 -085 -0.64 085 -0.75 -068 067 —-0.86 —0.63
Ammonia* 0.85 0.83 0.79 0.74 0.74 0.75 0.71 0.72 0.84 0.78 0.86 0.68 0.76 0.67

Acetate® 0.68 0.63 0.75 0.63 0.64 0.75 0.69 0.62 0.73 0.68 0.64 0.84 0.69 0.62

Propionate 0.65 0.68 -068 -083 075 -0.58 0/74 0.72 —0.78 -097 -08 -069 -0.83 —0.68
Butyrate -063 -054 -084 064 057 075 —0.68 -0.72  -0.62 —0.61 -072 -075 -0.83 —0.69
Valerate -027 -054 -049 -053 067 057 -049 054 -056 -075 074 -082 075 —0.58
Isobutyrate 0.85 0.74 0.68 0.84 0.57 0.64 0.68 0.62 0.43 0.67 0.72 0.73 0.68 0.72

Isovalerate 0.74 0.63 0.58 0.53 0.50 0.78 0.72 0.52 0.78 0.47 0.68 0.59 0.69 0.58

1 Microbial concentrations in the gut regions were expressed as logqo transformed; correlation coefficient values (r) with r > 0.44 forp < 0.1, r> 0.52, p < 0.05, r > 0.66
forp < 0.01, r> 0.79 for p < 0.001. r-values < 0.1 is not presented in the table.

2Total volatile fatty acids (m).

3Dissolved hydrogen (M), dissolved methane (mM), dissolved hydrogen sulfur (mM).

4Ammonia (mM).

5Molar percentages of acetate, propionate, butyrate, valerate, isobutyrate, and isovalerate.
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Gut regions Diet? ltems

VFA! Acetate Propionate Butyrate Valerate Isobutyrate Isovalerate Ace/prop

Small intestine Control 18.1 42.1° 31.02 14.0 4.00 4.202 4702 1.35¢
Met 17.2 42.1° 30.12 15.9 3.98 3.942 3.982 1.39°¢

Lys 18.0 41.2¢ 32.6° 14.1 410 3.962 4,042 1.26°

ML 19.3 42.0° 31.32 13.0 470 4.642 4.362 1.34°

Foregut Control 66.7 65.6% 16.0° 14.0 242 1.53° 0.75° 4.102
Met 67.5 54.9P 22.5P 14.9 2.16 2.67P 2.87P 2.44b

Lys 68.3 63.62 15.2¢ 14.1 1.99 2.62P 2.49P 4182

ML 69.5 53.9° 23.5° 15.0 2.20 2.89° 2.51° 2.29°

Hindgut Control 49.8 62.5° 19.1° 14.5 2.02 0.98° 0.90° 3.272
Met 50.4 51.8° 26.3° 14.8 2.32 2.90° 1.88 1.970

Lys 51.3 61.52 17.7¢ 13.9 2.03 2.46P 2.41b 3.478

ML 52.1 51.9° 25.7° 15.0 2.71 2.57° 2120 2.02°

SEM 5.01 3.67 2.50 1.46 0.20 0.01 0.02 0.03
P-value Gut 0.0201 0.0301 0.0401 0.1524 0.0201 0.0400 0.0300 0.0302
Diet 0.1210 0.0400 0.0200 0.1310 0.1124 0.0201 0.0412 0.0200
Gut*Diet 0.3212 0.0301 0.0410 0.2435 0.2010 0.0302 0.0402 0.0310

1VFA total volatile fatty acids (mM), individual volatile fatty acids (mol/100 mol) acetate to propionate ratio (mol/mol), 2basic diet without supplementation (Control), control
supplemented with methionine (Met), and control supplemented with lysine (Lys), and control supplemented with methionine and lysine (ML). Results beard different
letters indicate significant, while results beard same letters indicate not significant variation.
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Ingredients Nutritional

level
Corn 37.48 DE' (MJ/kg) 1271
DDGS 250 ME' (MJ/kg) 10.47
Sunflower kernel 1.00 cpt 14.19
cake
Sunflower oil 0.30 Cal 0.46
Cottonseed meal 14.57 Pt 0.30
NaHCO3 215 NDF* 28.97
NaCl 0.50 ADF} 16.58
Sweet sorghum 20.00
Corn stalk 20.00
Premix* 150
Total 100.00

DDGS, Distillers dried grains with solubles; NDE Neutral detergent fiber; ADE, Acid
detergent fiber; CP, Crude protein; DM, Dry matter; DE, Digestible energy; ME, Metabolic
energy. *Premix contained (DM basis): Vitamin A (10,000 [U/kg), Vitamin D (5,000 IU/kg),
Vitamin E (7.6 1U/kg), copper (9 mg/kg), iron (100 mg/kg), zinc (17 mg/kg), manganese
(38 mg/kg), selenium (0.2 mg/kg), calcium (18.58%), phosphorus (1.67%), linoleic acid
(0.56%), methionine + cystine (0.16%), lysine (0.14%), threonine (0.14%). | Calculated value.
{ Measured value.
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Percentage in the
total weight

pH 4.19

Dry matter 5.03%
Crude protein 3.94%
Neutral detergent fiber 28.33%

Acid detergent fiber 16.52%
Water soluble carbohydrate 17.50%

Total flavonoids 20.58 mg RE/g DW

Total phenolics

16.75 mg RE/g DW
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% Formal period
perio

. Feeding alfalfa hay (EAF: early feeding of alfalfa; LAF: late feeding alfalfa)

‘ Rumen samples were collected at 14. 42. 56, and 70 days of age, respectively.
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Levels %

Ruminal bacteria communities

Chaol 3599.78+571.89
Goods coverage 0.977:£0.004
Observed species 321492434283
Shannon 8.6140.62
Simpson 0.977:£0.014

Intestinal bacterial communities

Chaol 321621429294
Goods coverage 0.986:£0.003"
Observed species 2904.10£280.63
Shannon 9.40+0.65"
Simpson 0.988:£0.017

342255470199
0.982:£0.002
3209.32:4£367.08
8.94£0.80

0.987:£0.005

3153.664352.77
0.99:£0.004*
2976.18:4314.57
9374033

0.993:£0.004

“*Means within the same row with different superscripts are significantly different (P<0.05).

343443455947
0979£0.007
3011.34:£360.16
8974051

0.9880.008

3265.894294.45
0.983£0.005"
3030.28£167.74
957£031°

0.9940.002

3346.04+287.43
0.981:£0.004
2932.66+266.97
8654059

0.986:£0.008

3024.83+433.90
0.988:£0.003"
3019.68+209.10
886055

0.988:£0.007

0.903
0378
0.466
0.732

0.305

0722
0.028
0.851
0.148
0.588
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Levels %

P-value

pH 677£043
NH3-N, mg/dL 23154259

Total volatile fatty acids,
997122632
mmol/L

Molar percentages of individual volatile fatty acids (%)

Acetate 55.56+6.12
Propionate 30842496
Butyrate 1036184
Iso-butyrate 0.56£0.15"
Valerate 1904072
Iso-valerate 0784024
Acetate/propionate 1874058

699029

2248+2.06

944441647

53.9244.50
28274489
13.002.60
0714027
3094169

1024045

198£0.53

“*Means within the same row with different superscripts are significantly different (P<0.05).

7194032

24144315

85.60£891

54784226
30934324
10393.50
0.60£0.16"
2294095
101£0.61

1790.19

699£0.13

23.66+4.23

752941547

54844167

29.66+3.85

10.86+2.39

1112049

198044

155£0.70

1870.26

0268

0.852

0190

0936

0741

0372

0.037

0300

0.167

0916
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Levels % P-value

Dry matter, % 55.854234° 59344217 6250+13¢ 63255242 0001
Organic matter, % 59.87+2.06° 6286+2.17° 66.10+1.24" 67.01£2.62" 0.001
Crude protein, % 7008+ 1.60° 72.14£4.70" 74.76+2.85" 76.30+3.39" 0.042
Neutral detergent fiber 3843+3.52° 43.96+4.48" 50.94+2.03" 55.03+2.01° 0.001
Acid detergent fiber 19.61+2.48" 22314325 3248+7.83" 29.23+3.10° 0.002

“*<Means within the same row with different superscripts are significantly different (p <0.05).
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Initial body weight (kg) 33784333
Final body weight (kg) 47.38+3.00
Body weight change (kg) 13.614180
Average daily gain (g) 302.34+39.95
Total FI (kg) 80354695
Average daily FI (kg) 1790.15°
Feed/gain ratio 60251110

“*Means within the same row with different superscripts are signif

Levels %

33.63£331
47.81£3.10
14.18+2.00
315194438
78.60+5.98°
1754013
5654092"

antly different (P<0.05).

33.6843.05 33884339
48.343.06 48.23£391
14.66:£0.88 1435+ 118
3258341963 318.98£26.19
71842612 79.46£9.34°
160£0.14° 176£0.21°
491£047 5.58+0.82"

0.998

0.888

0.398

0.398

0.024

0.024

0.025
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Treatments?

CON UGAM
IL-15 0.86 0.62 0115 0303
16 09 038 0.109 0015
117 093 093 0090 0976
TNF-a 104 071 0.146 0274
TGF-p1 107 108 0.081 0922
TLR4 099 107 0.085 0.650
NF-xB 116 137 0.108 0348
FOXP3 101 134 0.089 0.068
FuR 102 123 0114 0363
EGFR 102 106 0042 0.658
Mucz 093 071 0.106 0319
OCLN. 109 06 0,095 0.005
cLp1 093 088 009 0798
IPI 094 078 0.107 0495
P2 0.88 071 0.106 0448
TIP3 105 142 0.092 0039

L1 interleukin-1; IL-6,interleukin-6; IL-17, interleukin-17; TNF-g, tumor necrosis
factor-o; TGE-f, transforming growth factor-p1; TLR4, Toll-like receptor 4; NE-xB, nuclear
factor appa-B; FOXP3, forkhead box protein P3; F, R, F,, receptor; EGER, epidermal
growth factor receptor; MUC2, muci
junction protein 1; TJP2, tight junction protein 2 TJP3, tight junction protein 3; CON, the
control group; UGAM, the ultra-grinded Astragalus membranaceus powder group.
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Ingredients
Corn
Soybean meal
Wheat bran
CaHPO,
Limestone
Nacl

Premix'
Alfalfa hay
Straw

Wheat hay

Total

‘Provided the following (per kilogram of complete diets): VA 50001U, VD 601U, VE 161U, Cu (CuSO,5H,0) 21.5mg, Zn (ZnSO,H,0) 90mg, Co (CoCl,6

80mg, Fe (FeSO*7H,0) 12mg, T (KI)1.2mg,

Content % Nutrient composition Content %
2800 Metabolic energy(MJ/kg) 9.82
27.00 Dry matter 93.97
7.00 Organic matter 8488
050 Crude protein 16,80
100 Ether extract 159
1.00 Neutral detergent fiber 3358
050 Acid detergent fiber 1454
2500 Calcium 0.42
500 Total phosphorus 0.12
5.00

100.00

) 11 mg, Mn (MnSO*5H,0)
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Ite roup C p X up Y Group Z

Phylum

Firmicutes 81.14 £2.38 71.32 £ 0.500 80.78 £ 3.14 67.68 £ 3.87° 0.02
Actinobacteriota 537+ 127° 724+ 1.12° 523+ 0.99° 1114 £0.58° 0.01
Bacteroidota 6.68 & 038" 979+ 0.24 718 £0.11° 120+ 021¢ <001
Genus

Psychrobacter 10.96 & 1.38* 0.00 % 0.00° 0.35 % 0.04° 0.05 4 0.02° <0.01
Olsenclla 1.50 £ 0.32° 2349 £ 1.99° 452+ 024" 331£071° <0.01
Clostridium_sensu_stricto_13 0.14 £ 0.04° 1.04 £ 0.28" 7204 127° 0.1 0.03¢ <0.01
Ruminococcus_gauvreauii_group 051+ 0.15¢ 3.01+093" 812+ 185 517+ 132° <0.01
Howardella 0.13 4 0.04° 4.54 £ 044" 0.65 = 0.04° 050 + 0.02° <0.01
Romboutsia 2204 0.10° 216 £037° 5694013 3594 037" <0.01
DNF00809 027 £ 0.04° 254£033 038 £ 0.02¢ 0.96 4 0.08" <0.01
Monoglobus 0.46 % 0,02 1.97 +0.25" 1.41 0,07 0.22 4 0.03° <001

The expressions of the data are as mean £ SEM. *~*Means with different superscripts within the same row are distinguished. Group C = control group; Group X = added with 2% DPF; Group
Y = added with 4% DPF; Group Z = added with 6% DPF.
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Ite roup C oup X up Y oup Z

Phylum

Actinobacteriota 759 £ 0.50° 15.50 & 0.81° 10.85 %+ 0.77° 1508 % 1.11° <0.01
Proteobacteria 16.55 & 3.72* 1.57 40.43° 3.64 % 0.45¢ 7.65 £021° 0.01
Bacteroidota 645+ 0.27° 17.81 & 1.00° 18.48 & 0.88° 13.33 & 0.86° <0.01
Genus

Staphylococcus 10.67 £ 1.18° 0.01 % 0.00° 0.01 £0.01° 0.02 £ 0.00° <0.01
Enterococcus 233+ 047° 5.16 £ 0.27% 2650 £ 1.94° 8.04 + 1.02° <0.01
Olsenclla 483 £0.40° 13.66 % 1.59° 12.76 £ 0.77 562+ 127" <0.01
Family_XIII_AD3011_group 0.00 £ 0.00° 146 £ 027 033 007" 228+ 047 <0.01
Howardella 0.00 £ 0.00° 144 £ 0.33 245 £025° 0.61£0.17¢ <0.01
Unclassified_f Lachnospiraceae 0.01 % 0.00° 0.18 % 0.08" 1.254£021° 0.15 £ 0.01° <0.01

‘The expressions of the data are as mean = SEM. *~¢Means with different superscripts within the same row are distinguished. Group C = control group; Group X = added with 2% DPF; Group

Y = added with 4% DPF; Group Z = added with 6% DPF.
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Ite roup C oup X up Y oup Z

Phylum

Firmicutes 60.52 £ 1.93 66.98 % 10.47 84.63 % 1.42 66.26 + 1.40 0.05

Bacteroidota 30.57 + 1.38° 25754224 10.95 £0.73" 26.83 % 1.43 <001
Genus

Prevotella 17.90 £ 0.76" 1135 £ 0.68" 2.8340.26° 9.73 £ 0.63 <001
Lachnospiraceae_NK3A20_group 5.91 % 156 10.42 £ 093 8.86+ 123" 11.00 £ 0.87* 0.02

norank f norank_o Clostridia_UCG-014 13.18 £ 1.49° 502+ 1.77° 1242 £1.32° 5.80 £ 0.94° 0.01

unclassified_f Lachnospiraceae 0.77 £ 0.08" 0.97 £ 0.03° 18.27 £0.55° 0.68 £ 0.03° <0.01
norank_f p-2534-18B5_gut_group 0.41 % 0.08° 5.95 £ 003" 484055 2.95 40,03 <001
Acetitomaculum 1914 0.02¢ 343 £0.13° 4154006 4.10 006 <001

‘The expressions of the data are as mean = SEM. *=¢Means with different superscripts within the same row are distinguished. Group C = control group; Group X = added with 2% DPF; Group

Y = added with 4% DPF; Group Z = added with 6% DPF.
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Location Item Group C Group X oup Y Group Z alue
Rumen (jum) PL 3,180.48 & 366.87 3,502.4 £ 31030 4,352.6 & 247.20 3,703.22 & 256.06 .11
PW 608.09 = 94.44 887.40 £ 73.59 1,010.44 + 93.82 1,043.5 £ 133.36 0.06
MT 1,064.12  48.00 967.68 % 92.38 1,135.51 £ 63.84 866.71 % 74.44 0.12
Jejunum (pm) VH 397.82 +21.17° 618.49 + 42.44° 767.41 % 44.38° 364.13 & 14.68° <0.01
cp 237.27 4 4633 316.78 & 25.98° 156.06 16,82 21116 % 11.82° 0.01
viC 1.68 +0.25 1.9540.14° 492 £0.65" 172+0.13 <001
Tleum (jum) VH 35123 £27.30 460.08 & 29.92 320.85 £ 2654 392.17 % 46.07 0.12
cD 249.74 £ 23.73° 170.21 % 17.23¢ 153.52 % 14.63¢ 206.25 £ 11.98 0.02
v/C 147 £024 2.66+032 2.13£029 197 £0.17 0.06

The expressions of the data are as mean = SEM. *~Means with different superscripts within the same row are distinguished. PL, papillac length; PW, papilae width; MT, muscular thickness;
VH, villus height; CD, crypt depth; V/C, the ratio of VH/CD. Group C = control group; Group X = added with 2% DPF; Group Y = added with 4% DPF; Group Z = added with 6% DPE.
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Biochemical index roup C oup X up Y oup Z

Day 1

SOD (U/mL) 8.69 £ 0.45 9.10 % 0.74 8794041 9154123 098
MDA (nmol/mL) 2111231 21.85+ 1.56 2148 £ 111 2211+ 1.57 098
GSH-Px (U/mL) 68.57 + 1.49 67.10 £ 2.99 69.33 £ 1.82 66.52 £ 1.64 0.76
GLU (mmol/L) 246 041 2224040 2.60 £ 0.44 2484028 092

TG (mmol/L) 0.41 £ 0.09 0344004 027 £0.05 0344004 050
HDL-C (mmol/L) 1.04 £ 0.04 0.96 4 0.04 0.91 4009 099 £ 0.06 048
LDL-C (mmol/L) 0.62 £ 0.06 0.62 % 0.05 0.55 £ 0.06 0514002 033

TC (mmol/L) 1.68 £ 0.12 1.64 % 0.11 1.410.06 1.64 % 0.07 025

Day 60

SOD (U/mL) 9254052 14.19£0.15 1571062 1593 £0.57 021

MDA (nmol/mL) 20.78 £ 2.67° 13.04 £ 1.83¢ 1111 £1.31¢ 16.60 £ 0.66" 0.02

GSH-Px (U/mL) 86.66 % 2.10° 148.57 & 8.57 152.92 +7.93 107.95 % 3.63° <0.01
GLU (mmol/L) 3.00 £ 0.68 374£0.14 4154028 398 +0.15 023

TG (mmol/L) 0354 0.02 0284001 0.40 £ 0.02 041 £0.06 0.10

HDL-C (mmol/L) 0.86 % 0.01 0.97 £ 0.05 114034 0.83 £ 0.02 0.60

LDL-C (mmol/L) 043 005 0554003 050 £ 0.07 056 % 0.01 0.19

TC (mmol/L) 1.35£0.11 1.47 £ 0.09 1.56 0.1 1.63 % 0.10 031

SOD, Superoxide dismutase; MDA, Malondialdehyde; GSH-Px, Glutathione peroxidase; GLU, Glucose; TG, Triglycerides; HDL-C, High-density lipoprotein cholesterol; LDL-C, Low-density
lipoprotein cholesterol; TC, Total cholesterol. The expressions of the data are as mean & SEM. ~<Means with different superscripts within the same row are distinguished. Group C = control

group; Group X = added with 2% DPF; Group Y = added with 4% DPF; Group Z = added with 6% DPE.
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Ite Group C Group X Group Y Group Z

Initial weight (kg) 3592+ 0.36 3620 £ 075 35.96 £ 0.56 36.04 £0.79
Slaughter weight (kg) 53.04 £ 0.59 5381+ 1.20 5497 £ 126 5285+ 137 0.54
ADG (g/d) 285.42 % 6.54° 293.64 + 12.79° 316.91 % 14.20° 280.11 % 12.80° 0.02
ADFI (g/d) 1,848.77 % 40.16> 1,907.63 % 40.88" 2,030.06 & 42.94° 1,791.54 % 34.64° <0.01
FCR 648 £0.13 650024 6.41£0.18 640026 0.75

‘The expressions of the data are as mean  standard error of the mean (SEM) (1 = 15 sheep for cach group). *~*Means with different superscripts within the same row are distinguished. ADG,
average daily gain; ADFI, average daily feed intake; FCR, feed conversion rate. Group C = control group; Group X = added with 2% DPF; Group Y = added with 4% DPF; Group Z = added
with 6% DPE.
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It NPG SEM

Serum

CAT, U/ml. 041 240 069 0.03
GSH, U/mL. 119 853 104 <001
T-S0D, U/mL. 315 148 124 034
GSH-Px, U/mL 2530 12134 302 <001
GR, UL 161 1286 290 0.03
T-AOC, mM 038 043 001 0.02
Liver

CAT, U/mgprot 97.82 7067 231 0.01
GSH, Ulmgprot 266 455 075 0.04
T-S0D, Ulpigprot 748 778 126 079
GSH-Px, U/mgprot 1190 2196 390 0.04
GR, Ulgprot 528 680 102 016
T-AOC, mmol/gprot 003 004 <001 0.01
Spleen

CAT, Umgprot 251 387 053 0.04
GSH, Ulmgprot 326 645 127 0.04
T-S0D, Ulpigprot 623 858 142 015
GSH-Px, U/mgprot 3408 8463 369 0.01
GR, Ulgprot 377 822 073 <001
T-AOC, mmol/gprot 009 013 002 013

ach value represents the mean of 3 replicate values.
‘CAT = catalase; GSH=glutathione; T-SOD = total superoxide dismutase;
'SEM = standard error of the mean.

SH-Px = glutathione peroxidase; GR=glutathione reductase.
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It NPG FPG SEM:

Serum

H,0,, mmol/L. 2018 1095 280 002
MDA, nmol/ml 537 514 017 023
LPO, mol/L 081 0.69 005 005
Liver

H,0,, mmol/gprot 17.79 501 342 0.
MDA, nmol/mgprot 039 016 007 002
LPO, mmol/gprot 0.44 018 007 001
Spleen

H,0,, mmol/gprot 3018 18.49 272 001
MDA, nmol/mgprot 128 078 024 008
LPO, mmol/gprot 0.44 0.60 017 033

‘Each value represents the mean of 3 replicate values.
ydrogen peroxide; MDA =malonaldehyde; LPO =lipid peroxidation.
andard error of the mean.
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It NPG FPG SEM?

Rumen wall thickness, mm 129 L18 041 076
Rumen papilla height, mm 318 >3 031 0.89
Rumen weight, kg 020 022 002 018
Reticulum weight, kg 004 005 001 037
Omasum weight, kg 003 005 001 0.03
Abomasum weight, kg 007 009 001 0.05
Small intestine weight, kg 024 030 002 <001
Large intestine weight, kg 013 017 002 005

‘Each value represents the mean of 3 eplicate values.

'SEM = standard error of the mean.
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Bacteroidota Prevotella 2072 1744 215 0459

Muribaculaceae 1224 127 0.6 0473
Fo82 1019 122 120 0.674
Rikenellaceae_RC_gut_group 7.65 1056 090 0.107
Bacteroidales_RF16_group 286 3.66 039 0311
Prevotellaceae_UCG-003 227 204 028 0.685
Prevotellaceae_UCG-001 L4 170 016 0,088
Bacteroidales_BS11_gut_group 234 0.20° 049 0.026
Prevotellaceae_NK3B31_group 061 072 0.06 0342
Alistipes 052 057 0.04 059
Firmicutes Lachnospiraceae_NK4A136_group 3.60 392 019 0.409
Clostridia_UCG-014 171 161 014 0738
Ruminococcaceae_NK4A214_group 0.86 128 022 0349
Ruminococcaceae_UCG_002 172 220 030 0443
Lachnospiraceae_ND3007_group 047" 164 020 <001
Eubacterium_coprostanoligenes_group 0.97 1.08 o 0.602
Lachnospiraceae_UCG-004 0.99 078 024 0.678
Ruminococcus 080 083 o1 0912
Ruminococcaceae_UCG-005 0.94 059 023 0471
Lachnospiraceae_UCG-010 0.57 049 007 0.568
Anaeroplasma 051 053 014 0957
Christensenellaceae_R-7_group. 0.60° 0.30° 007 0.024
Proteobacteria Proteus 891 1185 096 0.129
Desulfovibrio 058" 032" 007 0,049
Other uncultured 162 242 021 0.056
Other 791 303 160 0.130

p<0.05, significant; p<0.01, extremely significant. SEM, standard error of the mean. Different superscript etters indicate significant diferences.
I, Traditional FTMR without FVMR diets; II, 30% FVMR in FTMR diets.
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It NPG FPG SEM? p-Value
Live weight before slaughter, kg 9.17 1105 0.47 001
Carcass weight, kg 348 438 033 0.04
Carcass weight ratio, % 37.99 3959 157 030
Backfat thickness, mm 317 356 0.45 0.47
Eye muscle area, e’ 1027 2002 353 003
Heart weight, kg 0.05 0.06 001 0.68
Liver weight, kg 0.17 0.19 001 0.07
Spleen weight, kg 001 001 001 037
Lung weight, kg o 0.12 002 0.15
Kidney weight, kg 0.05 0.04 001 053
Perirenal fat weight, g 163 138 165 0.86

'Each value represents the mean of three replicate values.
'SEM = standard error of the mean.
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Bacteroidota 68.24 63.20 167 0135

Firmicutes 2112 224 102 0309
Proteobacteria 9.29 1255 0.94 0.083
Desulfobacterota 069 041 0.07 0.057
Spirochaetota 0.20 015 0.02 0.094
Fibrobacterota 0.12 013 0.03 0.787
Deferribacterota on 0.10 001 0,648

I, Traditional FTMR without FVMR diets; I1, 30% FVMR in FTMR diets.
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P NPG FPG SEM p-Value
IBW, kg 9.05 9.23 078 044
FBW, kg 1023 1140 118 005
NW kg 125 217 0.60 <0.01
ADG, g 2637 48.18 13.00 <001
ADFL kg/d 138 074 094 <001
F/G ratio 5233 15.36 2171 <001

‘Each value represents the mean of 3 replicate values.

‘IBW =initial body weight; FBW =final body weight; NW = net weight; ADG =average
daily gain; ADFI=average daily feed intake; F/G ratio= feed to gain rati.

'SEM = standard error of the mean.
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GH, ng/mL 289" 413 017 <001

1G mg/ml. 121 463 013 0.102
IgM mg/mL. Lor® 149" 006 <001
IgA pg/mL 20844 25143 7.7 <001
IL-2pg/mL. 94364 90984 3572 0644
IL-6 pg/mL 157.80" 13335 386 <001
TPN-apgml 22568 23854 773 0415
IFN-y pg/mL 50017 56094 18.94 0110
ALT pg/mL 67102 601.71° 141 <001
AST mmol/L. 31978 28582 7.25 0016

p<0.05 significant; p <001, extremely significant. SEM, standard rror ofthe mean
rent superscript letters indicate significant differences.

L Traditional FTMR without FVMR diets; 11, 30% FVMR in FTMR diets

lgM, Immunoglobulin M; Ig, Immunoglobulin A; IeG, Immunoglobulin G; IL-6,
Interleukin-; 112, Interleukin-2; TNF-a, Tumor Necrosis Factor-c; INF-y, Interferon-
gamma-y; ALT, Glutamic oxalacetic transaminase; AST, Alanine aminotransferase.
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ltems

Phylum

Bacteroidota 50.41° 48.39° 41.61° 0.021
Euryarchaeota 0.74 334 322 0214
Fibrobacterota 1.44 226 141 0.559
Firmicutes 3935 3739 3624 0730
Gracilibacteria 1.84 039 146 0492
Proteobacteria 1.03 117 201 0.420
Spirochaetota 367 328 104 0810
Fusobacteriota 0.00° 0.56% 216" 0.001
Acidobacteriota 0.01° 0.90% 411 0.005
unidentified_Bacteria 093 070 0.76 0629
Others 059 1.62 298 0014
Genus

Papillibacter 0.66° 1.70° 125 0.001
unidentified_Gracilibacteria 1.84 039 146 0.492
Bacteroides 345 022 0.65 0.182
Fibrobacter 144 225 141 0562
Ruminococeus 256" 225 127° 0017
Methanobrevibacter 073 329 320 0211
Saccharofermentans 247° 3.50° 4.23° 0.027
Succiniclasticum 432 362" 147" 0.025
Treponema 363 320 4.00 0791
Prevotella 15.25 1523 10220 0.046
Others 63.65 64.40 68.35 0368

CK, basal diet control; A, 3% PAS added group; B, 6% PAS added group. Means in the same row with different superscripts differ (p < 0.05).






OPS/images/fmicb-13-1030262/fmicb-13-1030262-t002.jpg
Nutrition components (%) Concentrate

Total digestible nutrients 69.38
Dry matter 90.1

Crude protein 1658
Soluble protein 451
Ether extract 441
Neutral detergent fiber 2478
Acid detergent fiber 1189
Ash 7.21
Starch 2027

Ingredients of main raw materials: Corn, soybean meal, corn germ meal, soybean peel,

rumen fat powder, selenium yeast, stone powder, calcium hydrogen phosphate, trace
elements (copper, iron, zinc, manganese, selenium, iodine, and cobalt), multivitamins
(A, D, E, B group), ethoxyquinoline, sodium propionate, etc.
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pH 634" 658" 0.06 0.030

NH,-N, mg/dL 1231 1276 093 0832
“TVFA, mmol/L. 54.53 48.12 641 0.640
VEA,* mol/100 mol

Acetic acid 70.13* 67.93 043 <0.01
Propionic acid 1392 1447 047 0569
Butyric acid 11.87 13.50 0.58 0.166
Isobutyric acid 1.65 168 0.13 0928
Isovaleric acid 121 126 0.10 0810
Valeric acid 101 098 0.03 0.667
Caproic acid 0.20 017 0.02 0376
AP 5.20 479 027 0.460

p<0.05, significant; p<0.01, extremely significant. SEM, standard error of the mean,
Different superscript letters indicate significant differences.

| Traditional FTMR without FVMR diets; 11, 30% FVMR in FTMR diets

“The data of each VFA individual in the table, respectively, represent the proportion of this
individual in TVFA.

NH,-N, ammonia nitrogen; TVFA, total volatile fatty acids; VFA, volatle fatty acids; A/P.
acetic acid / propionic acid.
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Ado
oup A Ob ed_de pected_de a ea ode R
CKvs. A 0.06 0.53 0.56 0.002 0.356 2518 0.201 0.003
CKvs.B 0.09 0.48 0.53 0.003 0.367 3.087 0.236 0.003
Avs.B 0.08 0.47 0.51 0.006 0.315 2.803 0.219 0.002

A, basal diet control; A, 3% PAS added group; B, 6% PAS added group.
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Nutrition components NPG (Control) FPG (Treatment) p-Valu
pH 589 407 0.08 <0.01
Dry matter % 3252 3178 003 <0.01
Crude protein % 1003 13.90 014 <0.01
Ether extract % 177 213 0.06 <0.01
Crude fiber % 3187 2987 006 <0.01
Ash% 585 647 002 <001

ach value represents the mean of 3 replicate values.
'SEM = standard error of the mean.
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DM 7249 8252 159 <001

EE 7223 73.70 091 0.462
cp 75,29 80.61° 095 <001
NDF 65.85 70.95° 084 <001

p<0.05, significant; p<0.01, extremely significant. SEM, standard error of the mean,
rent superscript letters indicate significant differences.

L Traditional FTMR without FVMR diets; 11, 30% FVMR in FTMR diets

DM, dry matter; EE, ether extract; CP, crude protein; NDF, neutral detergent fiber; ADF, acid
detergent fiber.
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Observed_otus

1,808 & 156.02°

1,911 £ 118.16 2,226 +£201.16* 0.001
Shannon 825+0.13 830£0.12 870 £0.19 0.093
Simpson 0.99£0.01 0.99 £ 0.01 1.00 £ 0.01 0.561
Chaol 2,103.37 & 175.84° 2,254.24 & 139.95° 2,607.26 & 221.40° 0.001
ACE 2,151.46 & 175.45" 2,298.81 & 148.78" 2,659.21 & 224.89° 0.001
Goods_coverage 0.991 £ 0.01* 0.989 £ 0.01° 0.988 £ 0.01° 0.001
PD_whole_tree 89.152 % 5.69° 99.871 £ 11.88 112.66 £9.01* 0.002

CK, basal diet control; A, 3% PAS added group; B, 6% PAS added group. Means in the same row with different superscripts differ (p < 0.05).
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DMI kg/d 097 036" 001 <001

IBW, kg 210 273 090 0746
FBW, kg 3027 3178 097 0462
TWG, kg/hd 817 9.06 030 0143
ADG,g 136.18 150.93 495 0143
FCR 714 582" 020 <001
Live goat I 40 - -
real-time

price, CNY/

kg

Feed cost, 272 204 - -
CNY/kg

Feed weight 2189 16.44° 102 <001
gain cost,

CNY/kg

Weight gain 160.38 17773 583 0143

benefit, CNY/

one

p<0.05, significant; p<0.01, extremely significant. SEM, standard error of the mean,
Different superscript lettrs indicate significant differences. The data description method of
this paper’ rest of the tables is the same.

L Traditional FTMR without FVMR diets; 11, 30% FVMR in FTMR diets

Live goat real-time price and feed raw material prices (For example, the FVMR price is 120
CNY per ton) are the current price in Guizhou Province, China.

ADG = (end of test weight ~ beginning of test weight)/number of feeding days; FCR = DMI/
ADG; DMI (kg/d) = [feeding amount (kg) x diet DM (%) ~lefiover (kg) x leftover DM (%)]/
(number of black goats per group x number of tral days (d)}; Feed weight gain cost (CNY/
k)= total feed intake x feed unit price (CNY)/total weight gain; Weight gain benefit (CNY/
one goat) = (real-time price of live black goat —feed weight gain cost)  total weight gain.
Kg/one goat, Kilograms per black goat; CNY, Chinese Yuan; CNY/kg, CNY per kg CNY/
one, CNY per black goat; IBW, Average initial body weight; FBW, Average final body weight;
TWG, Average total weight gain; Feed weight gain cost, Feed weight gain cost assume cost of
ing 1kg BW by each animal.
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Diet ingredie

CK

Ingredients DM %

Corn 29 29 29
Wheat bran 12 12 12
Soybean meal 14 14 14
Rapeseed meal 4 4 4
Prickly ash seeds 0 3 6
Alfalfa hay 13 10 10
Wheat straw hood 103 103 103
Whole corn silage 14 14 11
Premix 1 1 1
NaCl 1 1 1
Limestone 1 1 1
CaHCO; 0.7 0.7 0.7
Total 100 100 100
Nutrient levels

Metabolic energy (M]/kg) 9.75 9.76 9.76
Crude protein (%) 15.38 15.35 15.59
Crude fat (%) 250 | 313 | 368
NDF (%) 28.35 28.22 28.18
ADF (%) 1627 | 1620 | 1617
Ca (%) 0.97 0.93 093
P (%) 0.52 0.53 0.54

DM, dry matter; NDE, neutral detergent fiber; ADE, acid detergent fiber. The premix provided
the flowing per kg of diets: Fe 75 mg, Cu 14mg, Zn 80 mg, Se 0.25meg, 1 0.25 mg, Co 0.3 mg,
Mn 400 mg, VA 3000 IU, VD 500 IU, and VE 200 IU. ME was a calculated value, while the

others were measured values.
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Item Group

2800 2150
Wheat bran 7.00 500
Rice bran 9.10 10.00
Soybean meal 43 450 500
Rapeseed meal 300 338
NaCl 050 051
1% composite premix* 0.46 050
Urea 164 L
Cane molasses - 300
Peanut vine 4580 2000
Flammulina velutipes - 3000
‘mushroom residue

Total 100.00 100.00
Chemical composition”

(Air-dry basis)

Dry matter (DM) 8073 7559
Neutral detergent fiber 3956 3614
(NDF)

Crude protein (CP) 2082 19.08
Ether extract (EE) 309 147
Calcium (Ca) 0.58 136
Total phosphorus (P) 0.50 071
Metabolizable energy (ME), 161 1032
MJ/kg

| Traditional FTMR without FVMR diets; I, 30% FVMR in FTMR diets.

“Premix provides per kg of ration: Vitamin A 10,0001U, Vitamin D 15,0001U, Vitamin E
20010, Iron 1,000-7,500 mg, Zine 5,000-3,750mg, Copper 140-150mg, Todine 5-200me,
Manganese 600-3,000 mg, Cobalt 4-40 mg, Selenium 3.5-10mg, calcium 4-20% and
phosphorus 2-8%.

> The chemical composition is measured value.
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2 NPG FPG SEM

IgA, g/l 3.06 363 015

1gG, g/l 87.27 137.95 151 <0.01
IgM, g/l 135 332 043 0.01
112, mg/L 033 042 003 002
IL-4, mg/L 059 079 0.08 0.03
IL-6, ng/L. 28.70 2838 059 055
IL-1f, ng/L 480 992 036 <001

ach value represents the mean of 3 replicate values.
‘Ig=immunoglobulin; IL= nterleukin.
'SEM = standard error of the mean.
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Diet DM% CP (% on EE (% on NDF (%on  ADF(%on ASH(%on Cal(g/kgon P (g/kgon
DM basis) DM basis) DM basis) DM basis) DM basis) DM basis) DM basis)

King grass 202 774 07 8 33 138 176 147

Corn flour 782 124 24 287 257 72 202 117
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PWY-7007: methyl ketone biosynthesis.
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Treatments®

GR

VFA concentration, mmol/L

Total 479
Acetate 312
Propionate 27
Isobutyric acid 070
Butyrate 169"
Isovalericacid 125
Valericacid 031
Ammonia-nitrogen, mg/L 204
Microbial protein, jug/ml 457

‘GN, growth normal lambs; GR, growth-retarded lambs; GRR, growth.retarded lambs supplemented with probiotic.

29
192
5840
081
2210
141
040
2.1

4200

“* Mean values in columns without a common letter are significantly different (P < 0.05)

525
39
1.3
102
398"
184
058
194

450°

2,668

1657

1487

0.130

0.224

0.338

0.079

1673
7.85

0001

0.001

0047

0370

0.001

0543
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Treatments'

GR

Antioxidant

T-AOC, mmol/L 013 013 013 0,006 0.869
SOD, U/ml 210 s 132 36 0024
GSH-Px, U/ml 124 91 120 85 0.044
MDA, mmol/L 347 5.90° 490" 0.277 0.0006
Immune characteristics

GH,pg/L. 343 322 387 043 <0.0001
1G, pg/ml 1362 12716 1484° 189 <0.0001
1L-6, ng/L 156" 181 161" 32 0.0009
IFN-y, ng/L. 447 488" 46.0° 065 0.0052
TNF-, ng/L 1287 1584* 1349 205 <0.0001

‘GN, growth normal lambs; GR, growth-retarded lambs; GRP, growth-retarded lambs supplemented with probiotic.
T-AOC, total antioxidant capacity; SOD, superoxide dismutase; GSH-Px, glutathione peroxidase; MDA, malondialdehyd
IEN-1, interferon-gamma; TNF-a, tumor necrosis factor alpha.

“Mean values in columns without a common letter are significantly different (p <0.05).

H. growth hormone; IgG, immunoglobulin G 1L-6, interleukin-6
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Rumen and jejunal microbiota of Tibetan sheep
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Treatments®

Initial body weight, kg 132 977" 922"
Final body weight, kg 279 198" 252
Average daily gain, g/d 245 168" 266"
Dry matter intake, g/d 958" 534 769"
Feed efficiency, ADG/DMI 026 032 035

‘GN, growth normal lambs; GR, growth-retarded lambs; GR, growth-retarded lambs supplemented with probiotic.
“»Mean values in columns without a common letter are significantly different (p <0.05).
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0845
25
241

0039

0.002
0.002
0042

0.0001

0356





OPS/images/fmicb-15-1345388/fmicb-15-1345388-g007.jpg
1

!
i
:






OPS/images/fmicb-14-1216534/fmicb-14-1216534-t002.jpg
Group Replicate Cause of death

GR 1 Cough, pneumor
GR 3 Diarrhoea
GR 4 Diarrhoea
GRP 1 Diarrhoea

3R, growth-retarded lambs; GRP, growth-retarded lambs supplemented with probiotic.
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Items Concentrated feed

Dry matter 891

Crude protein 183 69.1
::::ral detergent " "
Acid detergent fiber 128 377
Ash 842 130
Calcium 1 80
Phosphorus 66 24

“The chemical compositions were all measured values. *The concentrated feed was purchased
from AB Agri China (Anhui, China) and consisted of corn, soybean meal, wheat bran,
soybean hull, stone powder, NaCl, CuSO,, MnSO,, ZnSO,, VA, VD,,and VE. "The mixed
forage consisted of (per 100g DM) 14g wheat straw, 9 peanut straw, 35 g silage corn, and
12g soybean curb residue.
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Prevotella 2441 907° 881" | 23200 186 0.00

Succinivibrio 613 | 755 | 32 1760 254 0.00
082 506" 058 149 2085 199 0.00
Rikenellaceae.. BAE OS2 19 1202 LI 000
RC9_gut_group

Streptococeus 492 2596 0358 06t 250 0.00
Megasphaera 031" 1042 7900 | 087 122 0.00
Bacteroides 007" 197 077 018 121 0.00

Values within a row with different superscripts indicate significant differences (p<0.05). RF.
Fresh rumen luids FRE, Frozen rumen fluids CRF, Continuously batch-cultured rumen fluid;
MRE, Mixed rumen fluid by 1/4 CRF and 3/4 RF; SEM, Standard error of the mean.
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Gene
L6
1L1p
18

TNFa

Forward (5'-3
CTGCTGGTCTTCTGGAGTATC
CAGGCAGTGTCGGTCATCGT
GCTGGCTGTTGCTCTCTTGG
TCTACTCGCAGGTCCTCTTC

)
TGTGGCTGGAGTGGTTATTAG

Reverse (5

GCATCACACAGAAGCTCATCGG
GGGTGGAAAGGTGTGGAATGTG
TCGGCATAGTCCAGGTATTC
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Bacteroidota 6021 3354 2497 6078 373 0.00

Firmicutes 2537 5L0% 3753 1498' 329 0.00
Proteobacteria 970° | 1148 3381 2016 239 0.00
Spirochaetota 182 LI® 08 100° 015 014
Verrucomicrobiota 116 0.10° 012 078 012 0.00

Values within a row with different superscripts indicate significant differences (p<0.05). RE,
Fresh rumen fluid; FRE, Frozen rumen fluid; CRF, Continuously batch-cultured rumen fluid;
MRE Mixed rumen fluid by 1/4 CRF and 3/4 RE; SEM, Standard error of the mean.
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DM digestibiliy, % 5958
48h Cumulative G, mL/g Ty
Theoretical GP, mL/g 201.69"
pH 683
MCP, pg/mL. 11830

Values within a row with different superscripts indicate significant differences (p<0.03). DM, Dry Matter; GP. Gas production; MCP. Microbial crude protein; RE, Fresh rumen fluid; FRF,
Frozen rumen fluid; CRE, Continuously batch-cultured rumen fluid; MRE, Mixed rumen fluid by 1/4 CRF and 3/4 RF; SEM, Standard error of mean.
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Groups SEM  p-value

FRF  CRF

Bacterial count, ¥10% | 3430°  2480°  750° 1359 000

mL

Values within a row with different superscripts indicate significant differences (p<0.05). RF.
Fresh rumen fluids FRE, Frozen rumen fluids CRF, Continuously batch-cultured rumen fluids
SEM, Standard error of the mean.
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Ingredients, %

Peanut seedling 1470
Maize straw 1356
Corn 5637
Soybean Meal 1316
Premix 098
CaHPO, 0.17
“Talcum powder 062
NaCl 044

The premix provided VA 260,0001U; VD 386,0001U, VE 601U, Cu 0.50g, Zn 360, Fe

Nutrient c

DM

ME, MJ/kg
o

NDF

ADF

ent,

96.56

1109

1228

3232

2157

0.80

040

10.60g, Mn 3.50g, Se 14mg, 1 110mg, and Co 44 mg per kilogram in dry matter basis.

Metabolizable energy is calculated based on the ingredient contents, and the other nutrient
content was measured. DM, Dry matters ME, Metabolizable energys CP, Crude protein; NDF,

Neutral detergent fibers; ADF, Acid detergent fibers; Ca, Calcium; P, Phosphorus,
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X mber of sequences Frequency umber of ASVs
L Female 11 55,513 & 504 18,701 % 286 561+ 12
Male 12 54,200 645 18,490 % 227 569 £ 16
M Female 16 52,822 & 2,098 20,016 % 842 608 £ 17
Male 16 53,031 £ 1,799 20,049 + 836 641£21
H Female 2 54,075 & 1,282 21,20 % 682 565+ 13
Male 12 52,261 £ 980 19,783 % 286 544+ 13

a1, Qianbei Ma goats; M, Hei goats; H, Weining sheep.
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Ingredient (g/kg DM) CcD GP

Corn 3926 2997
Corn straw 370 370
Gp' 0 80'
Cotion meal 745 730
Soybean meal 531 531
DDGS 30 30
Alfalfa 30 30
Premixture’ 20 20
Soybean oil 18 162
Sunflower meal 10 10
Limestone 9 9
Saleratus 5 5
Salt 3 3
Urea 1 1

Chemical composition (g/kg

DM)

Crude protein 139 139
NDF 327 357
ADE 208 210
Digestible energy (MJ/kg) 90 90
Calcium, % 67 69
Phosphorus, % 40 39

“The composition of GP (g/kg DM) was 122 crude protein, 306 crude fiber, 575 NDF, 387
ADE 822 crude fat, .4 calcium, 3.1 phosphorus, and 6.83 MJ/kg digestible energy.
remixture composition per kg dry matter: vitamin A, 1800001U; vitamin D, 80,0001U;
vitamin B, 8001U; Cu (as copper sulfate), 100 mg; Fe (as ferrous sulfate), 300 mg: Zn (as zinc
sulfate), 1.1 g Mn (manganese sulphate), 600 mg; I (as calcium iodate), 6 mg; Co (as cobalt
chloride), 10 mg; Se (as sodium selenite), 2mg.
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[[o} Description Bg Ratio Enrich factol p-value Q-value
ko00360 Phenylalanine metabolism 6.25% 182% 344 0019431 0784349
ko00941 Flavonoid biosynthesis 312% 0.81% 387 0083115 0784349
Ko00790 Folate biosynthesis 4.69% 182% 258 0097809 0784349

ID = Identity document.
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1D Descripti FC® p-value Vi Up or down
pos_2562 2-Phenylacetamide 1215019467 0003176788 2124390797 wp
neg 2885 Phlorizin 2553.268079 0.000004441 2604237268 wp
pos_2536 Dalspi 5954317677 0.000001606 261583266 wp
pos_2548 N6-(1,2-Dicarbosyethyl)-AMP 7357251514 0000000070 2638870091 wp
neg 3440 56,7,8-Tetrahydromethanopterin 9539211917 0009557470 2050420297 wp
pos_2520 FMNH 3,516,880,248 0000003450 2628961025 wp
pos_2549 Pyridoxine 5-phosphate 7216575103 0.000002136 2635698761 wp
pos_2517 8290016956 0000021214 2569872104 wp
pos_2557 Beta-D-Fructose 6-phosphate 29745.70802 0.000007900 2625104301 wp

1D = Identity document.
FC = Fold change.

VIP = Variable Importance in Projection.

“EMNH = Flavin mononucleotide adenine dinucleotide reduced form Note: The first column s the ID of the metabolite, the second column is the English name of the metabolite, and in the
following order: fold of difference, p value for nivariate analysis, VIP value for OPLS-DA model, and up- and down-regulation information.
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Rumen microbiome CON SLB P-value

Bacteria
Prevotella 11975 143 7.964055 *
Rikenellaceae_RC9_gut_group 1049 +0.67 10,09+ 0,63 Ns
Succiniclasticum 8434062 9.46:+0.11 5
NK4A214_group 754013 8074041 5
uncultured_rumen_bacterium 6804048 6624037 NS
$P3_c08 599077 5584022 NS
unclassified_F0S2 5054027 5474026 Ns
unclassified_Rikenellaceac 4684042 4314032 Ns
Christensenellaceae_R_7_group 341015 3464019 NS
unclassified_Clostridia 2354014 2454030 Ns
Succinivibrio 224021 1804025 Ns
Candidatus_Saccharimonas 1.9 £ 0,068 2334013 »
unclassified_Succinivibrionaceae 180035 1914020 NS
Veillonellaceae_UCG_001 17320077 178013 Ns
unclassified_Lachnospiraceae 134£0.10 171£0.085 »
Protozoa

unclassified_Litostomatea 2857242 3125193 NS
Ostracodinium 26222398 3002390 NS
Kotricha 1216296 5384123 *
Entodinium 10724200 14224147 Ns
Dasytricha 1024201 1128401 NS
Ophryoscolex 7524080 6134093 *
unclassified_Entodiniomorphida 0.50.+£0.0076 05740013 NS
unclassified_Eukaryota 0504068 0,150,063 Ns
unclassified_Rotifera 0394076 0.004000 -
unclassified_Gnathostomata 0274050 00290070 NS
unclassified_Calanoida 0254040 0.041£0047 NS
Entamocba 0234019 0194010 Ns
unclassified_Bdelloidea 0184036 0.004000 Ns
unclassified_Colpodida 0124012 0.10£0.089 NS
unclassified_Syndiniales 0124016 00450055 Ns
Methanogens

Methanobrevibacter 9716046 97.46 4028 NS
unclassified_Methanomethylophilaceae 2284050 2094025 Ns
Methanosphaera 0510030 04240051 -
Methanomicrobium 00330027 00100010 Ns
Candidatus_Methanomethylophilus 0.0045 00070 0.0093 £ 0.0069 NS
Candidatus_Nitrocosmicus 0.0025 00051 0.0000 £ 0.0000 Ns
Natronomonas 0.0021 00032 0.0021 00021 Ns
Methaninicrococcus 0.0021 £0.0025 0.00084 £ 0.0017 NS
Methanosarcina 0.00082 £0.0016 0.0000 £ 0.0000 NS
Fungi

Orpinomyces 48612899 25221644 »
Piromyces 148938 11234856 NS
unclassified_Fungi 7824268 6724348 NS
Neocallimastix 506+3.18 L7510 *
unclassified_Basidiomycota 2234122 3254238 Ns
unclassified_Neocallimastigaceac 176+ 118 1314092 NS
Byssochlamys 164068 196 £ 1.47 NS
Thermoascus 143087 2354172 Ns
Penicillium 1374055 1594049 NS
Thermomyces 1244129 1594172 NS
Pecoramyces 0894067 0884091 Ns
Mortierella 0844099 1044073 Ns
Ascochyta 0554044 116£139 NS
Cladosporium 0484042 4784713 Ns
Taphrina 0.00069 £ 0.0008 2544507 Ns

¥%p <001, *p <005, NS: notsignificant.
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p-value

Linear ~ Quadratic ~ Cubic

pH 652 654 655 655" 655 00040 <0.001 00020 057
Ammonia-N, mg/dL 4707 620" 1657 1668 FERT 041 066 023 040
Total volatile fatty acids, mmol/L | 8061 79.06° 7044 6203 6309 251 <0.001 018 052
mol/100 mol 5644 5378 5307 5555 5400 123 054 0042 082
Propionic acid, mol/100 mol 240" 23.50" 216" 2080° 2570 053 00055 059 015
Isobutyric acid, mol/100 mol 130" 138" 147 e 139 0053 026 012 045
Butyric acid, mol/100 mol 1577 17.03 17.85 1423 1481 144 056 0,097 054
Isovaleric acid, mol/100 mol 225 237 243 215 216 013 072 014 064
Valeric acid, mol/100 mol 184 193 203 184 193 009 081 015 052
Acetic acid/propionic acid 252 229" 230° 228 2100 0027 <0.001 <0.001 0016
Dry matter digestibility, % 5878 59.19° 5633 56.06" 566" 035 <0.001 033 <0.001

'SEM = Standarder error of mean. In the same row, values with different small leter superseripts mean significant diference (p < 0.05), while with the same or no leter superscripts mean no
gnificant difference (p > 0.05).
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Dosel(g/! p-value

0.075 0.15 0.30 0.60 linear  quadratic
Total gas production, L. 43200 13785 13165 123640 11946 | 148 <0.001 037 059
Methane, mL 3622 3125 27.99° 2490 2433 033 <0.001 0010 031
Carbon dioxide, mL 9392 86.69" 88.80° 78.09° 7270' 094 <0.001 0070 <0001
Hydrogen, mL 113 113 097" 095" 091° 0010 <0001 036 <0001
Methane /Total gas production, % 2529 267" 21.26° 20144 2037 019 <0.001 <0.001 029
Carbon dioxide /Total gas production, % 65.59" 67.45" 6289° 63.16° 60.86' 052 <0001 o4 <0001
Hydrogen /Total gas production, % 079" 082" 074 077" 076" 0020 0049 077 <0001

“The amount ofsilibinin added was 0.00 gL, 0075 g/L, 0.15 g/L, 0.30 g/L, 0.60 g/L, respectively.
'SEM = Standarder error of mean.

“In the same row values with different smallltter superscripts mean significant difference (p < 0.05), while with the same or no letter superscripts mean no significant difference (p > 0.05).
The same as below.
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Items Contents

Alfalfa hay 1559
Corn silage 3028
Soybean meal 114
Flaked corn 1915
Dried corn husk 535

Dried distillers grains with solubles -

(DDGS)*

Sugar beet pellets 1203
Premix” L1

Nutrient composition

P % 1667
NE,*, MCal/kg 172

RDP', %CP 60.35
ADF, % 2111
NDFi% 3275
PeNDF, % 295
Starch,% 27.12
Crude fat, % 462

Ash,% 714

Ca% 061

% 059

‘DDGS contained (on a DM basis): 88.7% DM, 27.6% CR 28.4% NDF, 23.5% ADE, 3.11%
ether extract, 0.76% Lys, 0.67% Met.

“Premix = The premix contained (on a DM basis): 99.17% ash, 14.25% Ca, 5.40% P 4.93%
Mg, 0.05% K, 10.64% Na, 2.95% C, 0.37% S, 12 mg/kg Co, 500 mg/kg Cu, 4858 mg/kg Fe,
25 mg/kg 1, 800 mg/kg Mn, 10 mg/kg Se, 1800 me/kg Zn, 180,000 1U/kg vitamin A,

55000 1U/kg vitamin D and 1,500 1U/kg vitamin E.

CP = Crude protein.

Net Energy for Lactation (Wei et al,2015).

umen degradable protein.

eutral detergent fiber.

Neutral detergent fiber

'peNDE = Physically efective neutral detergent fiber (¥ang and Beauchenin, 2006).
Crude fat determination (Zeid Ali-Nejad et al, 2015).
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Items AP-1 AP-3
Phylum level (%)

Firmicutes 588542691 22841732 656041631
Proteobacteria 189122580 3514253 428+587
Actinobacteria 864+8.40 214341846 9.11£6.08
Bacteroidetes 8022534 6124769 3742353
Euryarchacota 379£573 112821358 15351226
Genus level (%)

Olsenclla 125£0.46" 14.3827.09° 2845087
[Eubacterium] nodatum group 0.15£0.04" 043£0.12° 034£009"
Mogibacterium 0.11£004" 0.38£0.10° 033£0.10°
[Eubacterium] brachy group 0.08£0.02" 0.20£0.06° 003£001"
CAG-352 0.02:001" 019008 005£001"
Turicibacter 0724032 0.15£007 0042002
Atopobium 0.16£0.07" 0132004 0.60£0.21°

%< means that diferent etters on the same line indicate satisticlly significant differences (p<0.05);the same leter means no significant diference (p>0.05);the data in the table ar all
“mean +SE”.
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Items AP-2 AP-3

Phylum level (%)

Bacteroidetes 54.85£15.66" 6153583 43491065
Firmicutes 35.92£16.06 29524528 38.58£13.59
Tenericutes 118049 165112 121151
Proteobacteria 184£0.79" 1522125 601522
Actinobacteria 0.97£038 162£1.29 1792116

Genus level (%)

Prevotella 1 12884233 3L08£5.66' 2.0743.41%
uncultured rumen bacterium 31234665 65022 598269
Rikenellaceae RC9 gut group 436£ 101" 7.5940.96' 492£079"
Christensenellaceae R-7 group 1762042 1712038 350£056'
Uncultured 064£0.11" 059003 100016
Lachnospiraceae NK3A20 group. 034008 0372003 0.9320.20°
Prevotellaceae UCG-003 0342007 039003 0.660.08"
Erysipelotrichacea UCG-004 0.11£002 016004 033017
Acetitomaculum 0112003 0125001 0322007
[Eubacterium] ruminantium group. 061+0.10 0.98+0.19* 0312008
Ruminococcaceae UCG-011 003001 006002 0272012
Desulfovibrio 0124003 007001 0.19£0.05*
Lachnospiraceae NK4A136 group 008002 030£009" 0.11£004"
Lachnospiraceae ND3007 group 0.09£0.01" 0382015 0.11£002"
U29-B03 020£003* 0.26£006° 0.10£003"

“* means that different letters on the same line indicate statisticall significant differences (p<0.05); the same letter means no significant difference (p>0.05); the data in the table are all
‘mean £ SE.
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Items

Rumen

pH

NH,-N (mg/100mL)

Acetic acid (mmol/L)

Propionic acid (mmol/L)
Tsobutyric acid (mmol/L)
Butyric acid (mmol/L)
Tsovaleric acid (mmol/L)
Valeric acid (mmol/L)
TSCFAs (mmol/L)

A/P (mmol/L)

Jejunum

NH,-N (mg/100mL)
Aceticacid (mmol/L)
Propionic acid (mmol/L)
Isobutyric acid (mmol/L)
Butyric acid (mmol/L)
Isovaleric acid (mmol/L)
Valeric acid (mmol/L)
TSCFAs (mmol/L)

A/P (mmol/L)

634£0.18
27334349
287.50£45.28
11815+27.14
413054
1815172
641118
5054084
438.84£90.98

2644076

5714106
5654133
125£0.18
021004
027001
106£0.49
0322012
8764165

4494039

658022
20284406
4053016239
1969357.58
7354183
28.9046.67
1055£2.60
7014224
636.14:£284.09

212£022

2275115
744£299
1600.20
021£0.01
0.57£0.06°
120£0.46
0.69+021°
1175£3.66

482£146

AP-3

6252017
21814206
466.04£150.51
1739242319
9.01£2:85
38.12£1166
1595£5.76
8835261
711.87£176.13

280£1.26

214£0.79"
5.8940.60
151£0.16
0.21£002
042£001
132019
0.39:£0.05"
9.76£0.83

3924037

“< means that different letters on the same line indicate satisticall significant differences (p <0.05); the same letter means no significant difference (p >0.05); TSCFAS represents the total

content of short chain fatty acids; A represents acetic acid, p represents propionic acid; the data in the table are all “mean + SE”
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Metabolic pathways Metabolites

Upregulation in the AP-2 group

mTOR signaling pathway

HIE-1 signaling pathway

PI3K-Akt signaling pathway

Downregulation in the AP-2 group

Biosynthesis of unsaturated fatty acids

Linoleic acid metabolism

Butanoate metabolism
Alanine, aspartate and glutamate metabolism
Upregulation in the AP-3 group

HIF-1 signaling pathway

mTOR signaling pathway
AMPK signaling pathway
PI3K-Akt signaling pathway

Glycolysis / Gluconeogenesis

Citrate cycle (TCA cycle)
Pyruvate metabolism
Valine, leucine and isoleucine biosynthesis

Glycerolipid metabolism

Nicotinate and nicotinamide metabolism
Downregulation in the AP-3group
Riboflavin metabolism

Vitamin B6 metabols

n
Upregulation in the AP-3 group
Linoleic acid metabolism

Biosynthesis of unsaturated fatty acids
Nicotinate and nicotinamide metabolism
FoxO signaling pathway

Regulation of lipolysis in adipocytes
Downregulation in the AP-3group
Biosynthesis of amino acids

2-Oxocarboxylic acid metabolism

AP-1VS AP-2

Adenosine 5"-monophosphate, Arginine

Stearoyl-2-arachidonoyl-sn-glycerol
L-Ascorbic acid

Adenosine 5"-monophosphate

Fructose 1,6-diphosphate

Adenosine 5'-monophosphate

11,14,17-cicosatrienoic acid, (z,22)-Linoleic acid, Arachidonic acid (peroxide free)
Palmitic acid, Ficosenoic acid

gamma-linolenic acid, Nervonic acid

Arachidonic acid (peroxide free)

gamma-linolenic acid, Linoleic acid
Glutamic acid, Maleic acid

Glutamic acid, D-glucosamine 6-phosphate
AP-1VS AP-3

Pyruvate, L-Ascorbic acid
1-Stearoyl-2-arachidonoyl-sn-glycerol
Adenosine 5"-monophosphate, Arginine

Pyruvate, Adenosine 5'-monophosphate

Adenosine 5"-monophosphate

Pyruvate, 2-phosphoglycerate
Phosphoenolpyruvate

Pyruvate, Phosphoenolpyruvate
Pyruvate, Phosphoenolpyruvate
Pyruvate, Citraconic acid

Glycerophosphate (2), Glycerol 3-phosphate
2-phosphoglycerate

Propionic acid, Pyruvate, Trigonelline

Flavine mononucleotide, Lumichrome, Ribitol
4-pyridoxic acid, Pyridoxal phosphate

AP-2 VS AP-3

‘gamma-linolenic acid, Linoleic acid

‘gamma-linolenic acid, Linoleic acid

Propionic acid, Trigonelline
Adenosine 5"-monophosphate

Adenosine 5"-monophosphate

Leucine, L-methionine

Leucine, L-methionine
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Items AP-1 AP-2 AP-3
Creatinine 0.13£0,00° 0.11£0.00" 0.11£0.0°
aminoadipic acid 0.02£0.00" 0.05£0.01° 0.03£0.00"
FAAS 355040 3444037 3124019
SAAs 8.81£0.82 899057 879029
BAAS 3634045 3734013 3.68+021
EAAs 241040 2604017 2374009
NEAAs 10432079 10324067 1030£0.24
TAAS 38164458 40.85£231 384041587
C203N6 2224009 1.560.05" 193012
C20:5N3 348044 220£0.18" 230£0.06"
C22:5N3 553033 405051 515£027"
C22:6N3 1074003 073£0.15" 0.94£0.05*
SFAs 57199620208 3228943516 55000+ 142.29
MUFAs 73182425157 4497747179 70676+ 141.14
PUFAS 1104421514 7094£1.77 100351525
n-3 PUFAS 16714229 9.88+0.96" 14142210
-6 PUFAS 93.73£13.01 6106160 86.21£1321

- means that different letters on the same line indicate statisticall significant differences (p <0.05); the same letter means no significant difference (p >0.05). FAAs: Flavor a
SAAs: Sweet amino acids; BAAS: bitter amino acids; EAAs: essential amino acids; NEAAs: nonessential amino acids; TAAS: total amino acids; SFAs: saturated faty acids; MUFAs:
monounsaturated fatty acids; PUFA: polyunsaturated fatty acids; complete amino acids data are shown in Supplernentary Table $1,and fatty acids data are in Supplementary Table 52 the data
in the table are all “mean £ SE”.
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Items AP-1 AP-2 AP-3

PHasmin 6.6310.29 670£0.19 6.74£0.34
PHeu 5.59+0.51 5.94£0.34 6.02£0.28

g 38.43£1.94" 3293£277" 34.63£2.13"
a* 2122275 19.43£2.62 18.07£2.66
b* 9.60+2.92 9.43£2.25 9.73£1.14
“Thawing loss (%) 6.58+4.00 595+1.36 5.95£2.09
Cooking loss (%) 3229+151° 2883+2.22" 311540.85"
Cooked meat percentage (%) 6666045 66812407 65642265
Water holding capacity (%) 21.72£1.40 27.84£3.51 28.66+7.37
Shear force (N) 64.0742.08° 75324356 9687217
Hardness (g) 1456.29+228.48" 3179.60 +380.04" 1969.44+476.16"
Elasticity (mm) 2.78+0.31 2.40£0.20 258+0.16
Viscosity (m]) 1152053 059£0.25 1.12£037
Adhesion (g) 676.75+142.08" 1233.17£313.44" 978.04+259.29"
Cohesion 0.37£0.06 0.41£0.06 0.33£0.05
Chewability (m]) 19.58+5.94 29.12+£4.96 23.55+7.55
Moisture (%) 7067+ 120° 71972063 7013+ 1.02%
Fat (%) 3.01£1.10 2.68+0.33 375¢131
Protein (%) 21.60 + 1.98 2119 113 2037 £0.28

+* means that different letters on the same line indicate statisticall significant differences (p<0.05); the same letter means no significant difference (p>0.05); the data in the table are all
‘mean + SE.
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Items AP-1 Al AP-3

Carcass weight (kg) 17.60£0.20° 19.60+1.11° 17.07£092°
Body slope length (cm) 62003.00 6233058 63.0041.00
Body height (cm) 64.00£2.00 6333289 73.679.07
Chest circumference (cm) 78.00£4.36 8367208 79334231
Rib fat thickness (cm) 219047 2315014 175£0.15
Back fat thickness (cm) 1664025 230£0.09" 2215017
Abdominal fat thickness (cm) 20120020 250£0.23* 230£0.15°
Eye muscle area (cn’) 17.83£3.10 2113425 206243.50

- means that diferent etters on the same line indicate satistically significant differences (p<0.05);the same letter means no significant diference (p>0.05); the data in the table are all
“mean +SE”.
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Factor and group Period

BW.s

14G (mg/ml)

225 73 3774095 9432278 11415315 0192007 017006

<25 n 3232063 8264150 9492175 0.17£0.04 0.14£004
Birth weight (kg)

>dkg 31 471£052 1161205 13.49£276° 0.23£0.06" 0.19£0.06"

3~dkg 31 348030 7964205 9964215 0.1520.06" 0.14£0.04"

<3kg 2 2524031 7342147 8.872230° 0.16£0.04" 0.14£0.05"
Litter size

Single n 470+0.90° 12.7542.66° 14724329 027007 0.2220.06°

Twin ) 3922089 9732248 1150+2.86" 0.1940.06" 0174005

Triplet 30 3024091 7.20£2.50° 9.15£2.87° 0.14£0.06° 0.13£005°
Sex

Male 0 394£095' 10.10+2:68" 11862313 020007 017006

Female 4 350£096" 863268 10.64£3.06 0174007 016006

“*<Values within a column with different superscripts mean significant difference (p<0.03).
BWO, birth weight; BWS30: body weight at 30th day of ages BW4S, body weight at 45th day of age: ADG30, average daily gain from 010 30 days of ages ADGAS, average daily gain from 0to
45 days of age.
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Items CD GP

DML g/d 1527 1580° 625 <0001
Initial weight, 26 24 0.40 0.806
kg

Final weight, 311 30.4 0.61 0574
kg

ADG, g/d 186 175 1175 0.670
FCR 821 9.03 063 0731

'SEM, standard error of mean.
“*Means within a row with different lowercase letters differ from each other (p<0.05).
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Phylum CON
Bacteroidetes 4499
Firmicutes 50.39
Proteobacteria 171

“Tenericutes 1.60"

'CON, basal diet control; LYC, 20g/d YC added group; HYC, 40g/d YC added group.

4101

50.85
5.08

164"

HYC

47.29
43.88
366

337

SEM
2435
2721
1007

0471

0352

0301
0.164

0030
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CON [

HYC SEM

P-value
Ruminal papilla length (jm) 24152 24142 5115 0020
Ruminal papilla widih (m) 53 1089 w76 689 0,066
Stratum corneum thickness (jm) s 616" 658 1358 0,005
Muscle layer thickness (jm) 16529 17317 17813 204 0203

“*Means within a same row followed by different lower case leters differ significantly among diferent groups (p<0.
CON, basal diet control; LYC, 20 g/d YC added group; HYC, 40g/d YC added group, the same below.
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Metabolite

Phosphoric acid

5-Methylthioribose

Chorismate

Pimelic acid

PC(16:1(92)/0:0)
L-gamma-Glutamyl-L-alanine
D-Mannonate
4-Hydroxybenzaldehyde
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Oleic acid

VIP

227

199

193

186

180

177

176

176

regulated

Down

Up
Up

Up
Up
Up
Up
Down
Up

Down

KEGG_pathway_annotation

Mineral absorption, Oxidative phosphorylation; ABC transporters; Parathyroid hormone synthesis,

secretion and action.
Metabolic pathways; Cysteine and methionine metabolism.

Phenylalanine, tyrosine and tryptophan biosynthesis; Biosynthesis of amino acids; Metabolic pathways;

Folate biosynthesis

Biotin metabolism.

Glycerophospholipid metabolism; Choline metabolism in cancer.

Metabolic pathways; Glutathione metabolism

Pentose and glucuronate interconversions; Metabolic pathways.

Metabolic pathways.

Fatty acid degradation; Metabolic pathways; Fatty acid elongation; Fatty acid metabolism.

Fatty acid biosynthesis.
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Genus CON LYC SEM

Prevotella_7 15.14 1462 1261 4.145 0910
Prevotella 173 990 976 2174 0.100
Prevotella_1 1442 374 695" 2281 0025
Uncultured_bacterium_f_Veillonellaceae 554 353 608 1314 0442
Rikenellaceae_RC9_gut_group 673 437 605 1347 0531
Ruminococcus 563 298 604 0.844 0052
Ruminococcaceae_UCG-005 085" 0120 408" 0532 0.002
Uncultured_bacterium_f Muribaculaceae 110 305 350 1085 0343
Ruminococcaceae_UCG-014 184 432 338 0.885 0.297
Uncultured_bacterium_o_Mollicutes_RF39 137 157" 336 0.485 0021
Prevotellaceae_UCG-001 050 137 308 0,653 0079
Succiniclasticum 114 1109 287 2052 0.057
Dialister 172 171 278 0.663 0473
[Eubacterium]_nodatum_group 039 1.28" 1.86" 0.248 0010
Desulfovibrio 042" 1240 184 0.268 0023
[Eubacterium]_ruminantium_group 181 140 133 0411 0.687
Oribacterium 063 091 128 0311 0410
Uncultured_bacterium_f_Lachnospiraceae 045" 130° 116" 0.183 0030
Christensenellaceae_R-7_group 118 144 115 0492 0915
Uncultured_bacterium_f_F082 135 091 L14 0389 0743
U29-B03 0.62 042 110 0178 0085
Ruminococcus_I 099" 035 106° 0.189 0.036

“The table shows the genera with relatve abundance > 1%.
CON, basal diet control; LYC, 20 g/d YC added group; HYC, 40g/d YC added group.
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Fermentation time (h) p-value

Treatment"
4 3 8 12 16 Time eu x Time
Control 690 689 687 650 675 674
pH RU-Leu 693 689 690 682 680" 672 0.001 <001 <0001 <0.001
RP-Leu 694 691 688 684 680 674
VEA, mM
Control 318 362 g 442 5660 6390
Total VEA RU-Leu 325 373 26 476 5450 6570 0180 004 <0001 0.285
RP-Leu 324 357 as 466 5590 6450
Control 24 252 287 99 | 3790 | 4240
Acetate(A) RU-Leu 28 258 288 39 3570 4290 0124 079 <0001 0142
RP-Leu 27 28 287 36 3750 4260
Control 602 702 836" 9.28 1230 1430
Propionate(P) RU-Leu 614 7.19 859" 984 180 1430 0039 <001 <0001 0356
RP-Leu 613 690 847 980 1210 1460
Control 275 323 378 404 523 58
Butyrate RU-Leu 279 33 385 425 501 598 0016 002 <0.001 0.252
RP-Leu 280 320 380" 426 510 585
Control 019" 023 027 029 038 047
Valerate RU-Leu 020" 024 029" 031 039 049 0094 <001 <0.001 0.255
RP-Leu 0210 023 027 030 038 046
Control 025 026 028" 028 039 053
Iso-valerate RU-Leu 03 047 077 09 | 1300 155 0375 <0001 <0001 <0.001
RP-Leu 026 033 02 032 045 056
Control* 022 023 026" 027 034 042
Iso-butyrate RU-Leu® 019 022 023 028 035 044 0076 033 <0001 <001
RP-Leu* 022 022 025 0.28 034 042
Control 068" 073 082 085 [REY L4
BCVEA RU-Leu 079" 093 129" 150 208 249 0008 <0001 <0001 <0.001
RP-Leu 069" 079 082" 092 L6 145
AP Control 37 359 343 323 308 296 0,005 050 <0.001 0354
RU-Leu 372 358 336 3 302 301
RP-Leu 371 359 339 32 308 293
NHN Control 666 505 4340 379 223 437 0058 0.04 <0.001 <001
(mg/dL) RU-Leu 659 5.66" 476" 482 414" 599"
RP-Leu 670 579 366" 410 2200 485"
mcp Control 1360 842 1210 3500 | 4L 4550 004 <0.001 0025
(mg/dL) RU-Leu 1570 122 1530 4210 41.60 4730
RP-Leu 1230 891 15300 | 3270 | 3570 5180

One- and two-way analysis of variance (ANOVA) was used to compare the means. Values within the same column with different letters are significantly different (p<0.05). VFA, volatle fatty
acids; BOVEA, branched-chain VFA, including iso-butyrate, valerate, iso-valerates A:P, acetate: propionate; NH,-N, ammonia -N; MCP, microbial crude protein. 'Control =basal TMR (no
supplemental RP-Leu or RU-Leu); RU-Leu =basal TMR diet + 12 mg RU-Leu; RP-Leu = basal TMR die + 12 mg RP-Leu.
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Items Contents

Ingredients (%)
Concentrate mixture' 60.00
Wheat straw 40.00

Chemical composition®

DM, g/kg s fed 912
CP, g/kg DM* 121
NDE, g/kg DM 472
ADE g/kg DM 244
EE, g/kg DM 356
Ca, g/kg DM 839
P,g/kg DM 528
Leu, g/kg DM 975

DM, dry matter; CP, crude protein; NDF, neutral detergent fiber; ADF, acid detergent fber;
EE, ether extract; Ca, calcium P, phosphorus; Leu, Leucine. 'Concentrate mixture: corn,
soybean meal, expanded soybean, corn distller’ grains,salt,limestone, premix. *Chemical
composition: all nutrient levels were the measured values. *Calculated as nitrogen x 6.25.
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Item Numbe

Contig  Contig number 5448212
N50 (bp) 2331
N9 (bp) 1135
Max length of contigs (bp) 495,287
Mean length (bp) 222636
Gene  Genes number 2,981,786
N50 (bp) 1074
Max length (bp) 37,287
Mean length (bp) 83114
KEGG orthologs/ortholog number 562,385 (18.86%)/3,779
KEGG pathways 413

CAZy families 581,777 (19.51%)
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