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Diet is a major factor in influencing the growth performance and the microbial community of lambs. This study aimed to investigate how diverse diets influence their growth performance and rumen microbiota. Ninety male lambs were randomly allocated into three groups in a completely randomized design with equal lambs: non-pelleted native grass hay (HA) as the control diet and pelleted native grass hay (GP) and pelleted native grass hay with concentrate (GPC) as experimental diets. The rumen fluid samples of the lambs in the HA, GP, and GPC groups were used to study rumen microbiota diversity through 16S rDNA high-throughput sequencing. In the present study, the final body weight, dry matter intake, and average daily gain differed significantly (p < 0.05) among the HA, GP, and GPC groups. Compared to the HA group, higher final body weight, dry matter intake, and average daily gain were found in the GP group. Similarly, better animal performance was observed in the GPC group than in the GP group. The principal coordinates analysis displayed that the composition of the rumen microbiota in the three groups was distinctly separated from each other. Bacteroidetes and Firmicutes were the dominant members of the community in the HA and GP groups, while Bacteroidetes, Firmicutes, and Proteobacteria became the predominant members in the GPC group. The comparison among these groups showed significant (p < 0.05) differences in Rikenellaceae_RC9_gut_group, Prevotella_1, Ruminococcaceae_NK4A214_group, and Succiniclasticum. These results suggest that the GP and GPC diets are more beneficial for growth performance than the HA diet and also indicate that the rumen microbiota varied in response to different feed types. In conclusion, these results could provide strategies to influence rumen microbiota for better growth and a healthier ecosystem on the Mongolian Plateau and lay the theoretical groundwork for feeding the pelleted native grass diet.
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Introduction

The Ujimqin sheep, inhabiting the Mongolian Plateau in China, have been selected by the unique environment and natural conditions for thousands of years. The animal is the critical variety of coarse wool sheep in China. Many anatomical and physiological traits enable Ujimqin lambs to produce sufficient wool and meat for consumers in harsh living conditions (Zeng et al., 2017).

Similar to other ruminants, the lambs' rumen microbiota comprises bacteria, protozoa, archaea, and fungi (Guo et al., 2020; Mizrahi et al., 2021), and the microbes provide protein, vitamins, and short-chain organic acids for the animal by an efficient bioconversion of carbohydrates, lignocellulose, and others (Xing et al., 2020; Bhujbal et al., 2022). Among this microbiome, bacteria are essential to the viability of the ruminant and make the highest contribution to digestion (Kim et al., 2015). Previously published studies revealed that animal performance and the health, compositions, and metabolism of rumen microbiota are strongly influenced by animal age, feed type, and feeding system (Zened et al., 2013; Trabi et al., 2019).

Traditionally, the Ujimqin lambs are stronger and fatter when grazing in summer and autumn on native grassland and thinner and weaker (even leading to death) when fed in winter and spring with hay as their only diet (Du et al., 2020). Pellets, total mixed rations, and supplements with concentrate diets have become common by increasing the dry matter intake (DMI) and the average daily gain (ADG) in sheep production systems. However, the total mixed ratio is usually compromised by the selection of animals (Sarker et al., 2019), which results in higher labor costs (Trabi et al., 2019). Consequently, pellets or supplements with concentrate diets have been widely applied because these feeding systems could reduce feed waste and make management easy (Masoudzadeh et al., 2020). Previous reports found that the pellet diets could reduce the bacterial richness in the rumen (McClements and Xiao, 2012), while others found that the pelleted-hay diets had a greater increase in bacterial richness (Ishaq et al., 2019).

Additionally, some studies indicated that high-concentrate diets could affect the composition of the rumen microbiota (Plaizier et al., 2012), and high-forage diets are beneficial for some microorganisms, such as those in the genus Firmicutes (Khafipour et al., 2009). Previous reports also found that the growth performance, carcass traits, and meat quality of lambs were significantly influenced by the native grass diet on the Mongolian Plateau (Du et al., 2019, 2022; Bu et al., 2021). However, the related research about the effects of non-pelleted native grass without or with concentrate or pellets on the ruminal microbiota is still limited.

Therefore, in the current study, we hypothesized that non-pelleted native grass hay without or with concentrate or pellet diets could directly affect the rumen microbiota and growth performance in lamb. This study aimed to reveal lamb's ruminal microbiota and growth performance in response to non-pelleted native grass hay without or with concentrate or pellet diets.



Materials and methods


Ethical statement

The animal study was approved by the College of Grassland, Resources, and Environment, Inner Mongolian Agricultural University, China. All experiments were performed following the Regulations for the Administration of Affairs Concerning Experimental Animals.



Animals and diets

The feeding trial was carried out at the Lvye Grass-based Livestock Husbandry Development Co., Ltd., Xilin Hot, China, from August to November 2020. The experiment lasted 75 days, with a 15-day adaptation period for diet and environment and a 60-day data for sample collection. We selected the hay from the same grassland in the typical steppe to minimize the effects of the materials. Stipa gigantea L., and Leymus chinensis (Trin.) Tzvel. are the dominant species in this grassland, also including Lespedeza davurica (Laxm.) Schindl, Allium mongolicum Regel, Thalictrum petaloideum Linn., Bupleurum chinensis DC., Serratula centauroides Linn., Caragana microphylla Lam, and others. A total of 90 six-month-old male Ujimqin lambs with body weights (BW) of 26.83 ± 0.26 kg were selected for this experiment. All lambs were randomly assigned to 18 units (five lambs per unit) based on similar BW before morning feeding in a completely randomized design. Then, the 18 units were randomly assigned to the three treatments, with six units per treatment. Three diets were used in the experiment (Table 1). The lambs received non-pelleted native grass hay (HA) as the control diet and pelleted native grass hay (GP), and pelleted native grass hay with concentrate (GPC) as the experimental diets. Pellets were produced from native grass hay with a length of 2–3 cm through pellet machines (H.S. 508 Pellets Mill; Liyang Weifang Equipment Co Ltd., Liyang, China). The concentrate was purchased from a local company (Ruiyuan Agriculture and Animal Husbandry Co. Ltd., Xilinhot, China). The concentrate consisted of maize, soybean meal, distillers dried grains with solubles, and wheat bran in 25, 8, 4, and 3%, respectively. The feed was offered at 110% of their expected intake to evaluate voluntary intake. The diets, feeding, management, and analysis of chemical compositions followed the previously published study (Bu et al., 2021).


TABLE 1 Ingredients and chemical composition of the experimental diets.
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Feed intake, growth performance, and rumen sample collection

The amounts of feed offered and the residue were recorded daily in the experiment to calculate the voluntary feed intake and were expressed on a dry matter (DM) basis. All lambs were weighed in the morning (06:00–07:00 h) before the morning feeding with an empty stomach and without fasting throughout the experimental period. At intervals of 7 days, the initial BW and the final BW were also recorded. The growth performance was analyzed based on the difference between the final BW and the initial BW (Du et al., 2022). At the end of the experiment, all of the lambs were transferred and slaughtered at a commercial slaughterhouse (Xilin Hot, China). Rumen samples were collected from all lambs, and the rumen content sample of each lamb in the same pen was first homogenized, and then, the same volume of rumen contents was mixed to reduce localized effects and strained through four layers of cheesecloth. At last, ~40 ml of rumen fluid was collected in the sterilized polypropylene centrifuge tube. Therefore, a total of 18 rumen fluid samples were immediately frozen in liquid nitrogen and then stored at −80°C for further analysis (Wang et al., 2019).



DNA extractions

The E.Z.N.A. ®Stool DNAKit (D4015, Omega, Inc., USA) was used to extract the DNA of rumen samples following the manufacturer's instructions. The NanoDrop 2000 UV-vis Spectrophotometer (Thermo Scientific, Wilmington, USA) was used to determine the concentration and purity of the extracted DNA, and 1% agarose gel electrophoresis was used to assess the extracted DNA quality (Bai et al., 2020).



PCR amplification and 16S rDNA sequencing

The polymerase chain reaction (PCR) amplification and bioinformatics analysis were performed at LC-Bio Technology Co., Ltd. (Hang Zhou, China). The variable regions V3–V4 of the bacterial16S rDNA gene were amplified with slightly modified versions of primers 341F (5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) (Logue et al., 2016). The 16S amplification was conducted following the description of the previous report (Tanja and Salzberg, 2011). Sequences have been deposited into the Sequence Read Archive (SRA) with the BioProject accession number PRJNA825331.



Bioinformatics analysis

Paired-end reads were assigned to the samples based on their unique barcode and truncated by cutting off the barcode and primer sequence and merged with FLASH (v1.2.8) (Tanja and Salzberg, 2011). Operational taxonomic units (OTUs) with a 97% similarity cutoff (Liu et al., 2019) were clustered using UPARSE (version 7.1, http://drive5.com/uparse/), and the high-quality sequences with ≥97% similarity were assigned to the same operational taxonomic units (OTUs) (Rognes et al., 2016). The OTUs were classified using the SILVA database (https://www.arbsilva.de/) with a confidence threshold of 70%. The false discovery rate (FDR)-adjusted Kruskal–Wallis multiple comparisons (p < 0.05) were used to detect the bacterial community structure and analyze at the phylum and genus levels (Omontese et al., 2022). A permutational multivariate analysis of variance (PERMANOVA) test was used to test the significant difference (Chambers and Hastie, 1992) in R (version 2.5.4). Principal coordinates analysis (PCoA) was conducted on the OTU level by R (version 3.3.1) software based on weighted UniFrac distances, and the ellipses represent the confidence in the fitting. The common and unique OTUs were used to construct the Venn diagram by R (version 1.6.2). The alpha diversity for these samples used the Chao1 value and the Shannon index to evaluate richness and diversity (Muwonge et al., 2021), and Good's coverage was calculated through QIIME software. The main differentially abundant genera were analyzed by the linear discrimination analysis coupled with the effect size (LEFSe) method (Segata et al., 2011). The PICRUSt was applied to predict metabolic genes based on the 16S rRNA data. The Kyoto Encyclopedia of Genes and Genomes (KEGG) database was also used to assign the genes to the metabolic pathways (Su et al., 2021). The heatmap package of R (R Core Team, 2014) was applied to generate heat maps of genera and Level 3-predicted microbial gene functions. Bar plots were generated in GraphPad Prism 7 (San Diego, CA, United States).



Statistical analysis

The ADI and DMI data were analyzed using SAS software (version 9.0) (SAS Inst., Inc., Cary, NC) as a completely randomized design per unit used as experimental units. Data were checked for normality using the PROC UNIVARIATE procedure of SAS (SAS Inst., Inc., Cary, NC). The ADI and DMI data were calculated from measurements collected throughout the study and analyzed as repeated measures using the PROC MIXED procedure of SAS (SAS Inst., Inc., Cary, NC). Significant differences among treatments were analyzed using a one-way analysis of variance according to the statistical model, Y = μ + α + ε, where Y = observation, μ = overall mean, α = diet effect, and ε = error, and Duncan's tests, with a p < 0.05 as statistical significance using SAS ver. 9.0.




Results


Analysis of the diet

The chemical composition of the diet used in this study is shown in Table 1. The DM contents in the HA, GP, and GPC groups were 93.90, 91.30, and 92.94%, respectively. The organic matter and the ether extract in the three groups were similar, while the crude protein and metabolizable energy in the GPC group were higher than those in the HA and GP groups, and the acid detergent fiber and neutral detergent fiber contents were lower than those in the HA and GP groups. The contents and composition of the fatty acids in the diet were various.



Animal performance

The results of the intake and growth performance of lambs fed different diets are presented in Table 2. The influence of feed types on the growth performance of lambs was studied, and it revealed that the feed types could significantly affect the DMI and ADG. As expected, no significant (p > 0.05) difference was found among the HA, GP, and GPC groups on the initial BW. The final BW, DMI, and ADG differed significantly (p < 0.05) in the HA, GP, and GPC groups. Compared to the final BW (30.00 and 31.75 kg), DMI (1.53 and 1.58 kg), and ADG (52.08 and 81.25 g/d) found for the HA and GP groups, the final BW (34.13 kg), DMI (1.67 kg), and ADG (122.92 g/d) were highest in the GPC group.


TABLE 2 Intake and growth performance of lambs fed non-pelleted native grass hay without or with concentrate or pellets.
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Rumen microbiota diversity analysis

A total of 18 rumen fluid samples from the lambs in the HA, GP, and GPC groups were used to evaluate the rumen microbiota diversity through 16S rDNA sequencing. The present study analyzed the differences in ruminal bacterial diversity among the HA, GP, and GPC groups, and the alpha and beta diversity were also calculated. A total of 1,520,890 raw reads were obtained for 18 rumen samples, with an average of 84,494 sequences for each rumen sample, and overall, 1,347,069 valid reads were obtained for 18 rumen samples, with an average of 74,837 sequences for each rumen sample and the sequencing depth at 20,000 (Table 1). According to the sampling depth at which rarefaction curves tend to plateau, all samples were rarefied to OTU numbers 1,338 (HA group), 1,134 (GP group), and 1,020 (GPC group) with ≥97% similarity identified (Table 3), and no statistically significant (p > 0.05) differences were observed on OTU number among the three groups. Similarly, the Good's coverage index was higher than 99% for all rumen samples, indicating that the sequencing depth was adequate to represent each ruminal bacterial community. No significant (p > 0.05) differences were observed among the three groups. However, significant (p < 0.05) differences were observed in Shannon indices, which indicate higher degree of species richness in the HA group and lower degree of species richness in the GP and GPC groups (Table 3).


TABLE 3 Diversity indices of ruminal microbiome of lambs fed non-pelleted native grass hay without or with concentrate or pellets.
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Ruminal microbiota phylogenetic analysis

The effect of feed types on the OTUs analysis is demonstrated in Figure 1. The Venn diagram showed the common and unique OTUs in the three groups. In addition, the principal coordinate analysis (PCoA) profile displayed that the structure of the rumen microbiota in groups was distinctly separated from each other (Figure 2). The samples in the HA, GP, and GPC groups were clustered together, and no interaction was found between the three groups.


[image: Figure 1]
FIGURE 1
 Venn diagram representing the common and unique OTUs found at each diet (n = 6). HA, non-pelleted native grass hay diet, GP, pelleted native grass hay diet; and GPC, pelleted native grass hay with concentrate diet.



[image: Figure 2]
FIGURE 2
 Principal coordinate analysis (PCoA) of rumen microbial communities based on unweighted UniFrac distance (n = 6). HA, non-pelleted native grass hay diet, GP, pelleted native grass hay diet; and GPC, pelleted native grass hay with concentrate diet.


The influence of feed types on the relative abundance of taxa at the phylum and genus levels is shown in Figure 3. Taxonomic analysis of the reads classified them into 425 genera belonging to 26 phyla. Seven phyla were referred to as the detected bacterial phyla at the phylum level. At the phylum level, Bacteroidetes and Firmicutes were the predominant phyla in the HA and GP groups, while Bacteroidetes, Firmicutes, and Proteobacteria were the predominant phyla in the GPC group (Figure 3A). There were significant (p < 0.05) differences in the abundance of Firmicutes and Proteobacteria among the three groups (Figure 3B).
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FIGURE 3
 The relative abundance (%) of bacterial phyla (1% at least in one group) of ruminal microbiome of lambs fed non-pelleted native grass hay without or with concentrate or pellets (n = 6). (A) Phylum level. (B) Extended error bar plot showing the bacteria at the phylum level that had significant differences among the HA, GP, and GPC groups. (C) Genus level. (D) Extended error bar plot showing the bacteria at the genus level that had significant differences among the HA, GP, and GPC groups. HA, non-pelleted native grass hay diet, GP, pelleted native grass hay diet; GPC, pelleted native grass hay with concentrate diet.


At the genus level, Rikenellaceae_RC9_gut_group, Prevotella_1, F082_unclassified, and WCHB1-41_unclassified were the most abundant in the HA group, Rikenellaceae_RC9_gut_group, Prevotella_1, F082_unclassified, Succinivibrio, and Succinivibrionaceae_UCG-002 were the primary genera in the GP group; Rikenellaceae_RC9_gut_group, Prevotella_1, F082_unclassified, and Muribaculaceae_unclassified were the predominant genera in the GPC group (Figure 3C). Significant (p < 0.05) differences were observed in Rikenellaceae_RC9_gut_group, Prevotella_1, Ruminococcaceae_NK4A214_group, and Succiniclasticum among the three groups (Figure 3D).

The results of the linear discriminant analysis (LDA) effect size (LEFSe) showed significantly different taxonomies among the rumen microbiota of lambs fed the three diets (Figure 4). The genera Rikenellaceae_RC9_gut_group and Ruminococcaceae were enriched in the HA group, and the microbiota of the GP group was enriched with Succinivibrio, Succinivibrionaceae_UCG-002, and Prevotella_1. In contrast, the microbiota of the GPC group was enriched with Ruminobacter and Muribaculaceae_unclassified.
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FIGURE 4
 Linear discrimination analysis (LDA) coupled with effect size (LEFSe) analysis of the rumen microbial community of lamb in the HA, GP and GPC groups (n = 6). (A) Cladogram showing microbial species with significant differences among the three treatments. Red, green, and blue represent different groups. Species classification at the phylum, class, order, family, and genus level are displayed from inner to outer layers. The red, green, and blue nodes represent microbial species in the phylogenetic tree that play important roles in the HA, GP, and GPC groups, respectively. Yellow nodes represent no significant difference between species. (B) Significantly different species with an LDA score greater than the estimated value (default score = 4). The length of the histogram represents the LDA score of different species in the three groups. HA, non-pelleted native grass hay diet, GP, pelleted native grass hay diet; and GPC, pelleted native grass hay with concentrated diets.




Predicted metabolic functions of rumen microbiota

The predicted functional genes of the ruminal bacterial community were predicted using the PICRUSTS-dependent Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database. The main predicted functional genes at level 1 in the three groups were assigned to metabolism (55.72–56.61%), genetic information processing (26.59–26.79%), and environmental information processing (11.05–11.60%), respectively (Figure 5A), which indicated different pathways (Figure 5B). Notably, amino acid metabolism, carbohydrate metabolism, energy metabolism, and nucleotide metabolism were higher than 5% of the enriched pathways of the lambs fed in the three diets. Furthermore, the sequences related to amino acid metabolism, energy metabolism, and metabolism of terpenoids and polyketides were significantly (p < 0.05) enriched in the HA group, while folding, sorting, degradation, and cellular processes and signaling were statistically (p < 0.05) enriched in the GP group. Additionally, the HA and GP groups markedly enriched genetic information processing (p < 0.05). At level 3 of the microbial genes that predicted the functions of bacteria, some differences were observed in the three groups (Figure 5C). The abundance of a majority of the genes related to amino acid metabolism (amino acid-related enzymes, alanine, aspartate, and glutamate metabolism, arginine, and proline metabolism, phenylalanine, tyrosine, and tryptophan biosynthesis), glycolysis/gluconeogenesis, pyruvate metabolism, and amino sugar and nucleotide sugar metabolism) increased dramatically (p < 0.05) in the HA group. Similarly, the genes associated with translation, transcription, replication and repair, folding, sorting, and degradation, such as ribosome biogenesis, transcription machinery, chaperones, and folding catalysts, were markedly (p < 0.05) enriched in the GP group. Interestingly, the abundance of most genes assigned to amino acid metabolism, nucleotide metabolism, and energy metabolism was decreased in the GPC group.
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FIGURE 5
 Dynamics of rumen bacterial predicted functional profiles fed with different diets analyzed using PICRUSt (n = 6). (A) Level 1 metabolic pathways. (B) Level 2 Kyoto Encyclopedia of Genes and Genomes (KEGG) ortholog functional predictions of the relative abundances of the top 20 metabolic functions. (C) Level 3 KEGG ortholog functional predictions of the relative abundances of the top 30 metabolic functions. HA, non-pelleted native grass hay diet, GP, pelleted native grass hay diet; and GPC, pelleted native grass hay with concentrate diet.





Discussion

In the current study, as compared to the HA group, the final BW and ADG were statistically increased in the GP group, which is consistent with the studies of Du et al. (2019) and Trabi et al. (2019), who found that the grinding and pelleting processes could directly reduce the feed particle size and increase the intake. The physical characteristic (freshness, flavor, color, texture) and form difference between grass and pellets may be the reason for the enhanced intake (Prachumchai et al., 2021, 2022). Therefore, higher final BW and ADG were observed in the GP group. Furthermore, the ADG increased in the GPC group compared to the GP group, which could be explained by the higher DMI and energy intakes in the GPC group compared to the lambs fed with the GP diet (Trabi et al., 2019).

Diets have dominant effects on the compositions of rumen microbiota (Zhou et al., 2010; Chen et al., 2011). In the present study, compared to the HA group, the number of OTUs, species richness estimators (Chao1 value), and the Shannon index decreased in the GP and GPC groups, which is in agreement with various studies in the rumen with high concentrate or pelleted diets (Mao et al., 2013; Huo et al., 2014; Trabi et al., 2019). These results indicated that the diversity and richness of the bacterial community can be influenced by feed types. Previous reports also found that a decreased microbial community was associated with a decrease in forage percentages and pellets (Hook et al., 2011; Henderson et al., 2015), which could be explained by the increased DMI and higher energy intake that directly influence the bacterial growth rate (Dagaew et al., 2020; Prachumchai et al., 2022). To address the effects of diets on beta diversity, the ruminal bacterial community was characterized based on unweighted UniFrac distance across all ruminal samples. The PCoA diagram was used to display the changes in the bacterial community among the three groups. Macroscopically, the different diets led to a distinguishable separation in the bacterial community among three groups, which is consistent with the previous reports, in that a noticeable separation of the microbial structure was observed among pelleted, concentrate, and forage diets (Zhang et al., 2017; Trabi et al., 2019; Lin L. et al., 2021), and various diets drove the diverse pH environment, which may be the main reason (Logue et al., 2016).

Changes in diversity were tightly correlated to phylogenetic modifications (Amin et al., 2021). The phyla Firmicutes and Bacteroidetes were detected as predominant phyla in this study, following the previously published studies that also identified phyla Firmicutes and Bacteroidetes as the dominant phyla in the rumen microbiome of sheep, which include cellulose degraders, such as Fibrobacter succinogenes, Ruminococcus flavefaciens, and Ruminococcus albus (Henderson et al., 2015; Zhang et al., 2019; Mizrahi et al., 2021). In contrast, there were some differences in these phyla among the three groups. The predominant bacterial phylum, Bacteroidetes, which is associated with the degradation of carbohydrates and proteins, was observed in all groups, and the highest relative abundance of this phylum was detected in the HA group, which is in agreement with the study of Lopes et al. (2015), who found that Bacteroidetes is the dominant phylum in the sheep rumen microbiome. The pelleting process or highly concentrated diets could be the main reason leading to the decreased relative abundance of Bacteroidetes (Trabi et al., 2019; Chao et al., 2020). Firmicutes play a critical role in the degradation of fiber and cellulose and are associated with the composition of polysaccharides and the utilization of energy (Singh et al., 2012; Crisol-Martínez et al., 2017). The abundance of Firmicutes decreased in the GP groups, following previous reports that indicate that feeding pellets could make the abundance of Firmicutes drop (Trabi et al., 2019).

The higher abundance of Firmicutes was detected in the GPC group, which is similar with the previous report who found the abundance increased with the increasing concentrate proportions (Lourenco et al., 2020). Interestingly, it is known that Proteobacteria are a biomarker for inflammatory progression and enhance the progression of the disease (Larsen et al., 2015; Shin et al., 2015). The higher relative abundance of Proteobacteria was found in the GP and GPC groups compared to the HA group, which could be attributed to the HA group increasing the ruminal fermentation rate, decreasing the ruminal pH, and inhibiting the growth of Proteobacteria (Larsen et al., 2015; Shin et al., 2015). Furthermore, hydrogenation also influenced fatty acid compositions by the bacterial structure, and the rumen microbiota was diverse (Harfoot, 1978; Martin et al., 2016).

The present study also analyzed the changes in the taxa at the genus level. At the genus level, the most abundant bacteria were Prevotella_1, Rikenellaceae_RC9_gut_group, F082_unclassfied, and Succinivibrio, which are highly efficient in hemicellulose and structural carbohydrate degradation (Zened et al., 2013; Morais and Mizrahi, 2019; Li et al., 2021; Mizrahi et al., 2021). At the genus level, Rikenellaceae_RC9_gu_group was the most abundant bacterial group. It was significantly decreased in the GP and GPC groups, following the study of Ebeid et al., which found a high level of Rikenellaceae_RC9_gut_group in lambs in the forage feeding systems (Ebeid et al., 2020). Wang et al. (2016) reported that the differences in ruminal microflora probably came from the physical effects. Members of the Prevotella genera have been particularly studied as dominant species in the colonization and degradation of the hemicellulose portion of the fiber because of a broader fiber-related enzymatic repertoire that could enable them to digest the available fiber (Jami et al., 2013; Piao et al., 2014; Huws et al., 2016). The genera Prevotella_1 was the most abundant bacterial genus in the rumen of lambs, which was reported by Vibart et al. (2019) and Zhang et al. (2019). The abundance of Prevotella_1 increased in the GP and GPC groups, which could attributed to its sensitivity to the forage percentages (Li et al., 2015; Solden et al., 2016; Bainbridge et al., 2018), as well as the insufficient fiber contents that did not effectively ensure proper rumen fermentation (Kleefisch et al., 2017). Previously published research found that C16:0 and C18:0 could influence the genera Prevotella and Butyrivibrio (Maczulak et al., 1981). In the present study, the C16:0 and C18:0 contents could increase the abundance of the genus Prevotella (Maczulak et al., 1981), and the higher C16:0 and C18:0 contents were also found in the GP group compared to that in the HA group. However, compared to the HA group, the markedly higher intake of the GPC group increased the ingestion of C16:0 and C18:0 contents. Therefore, the abundance of Prevotella_1 increased in the GP and GPC groups. The Bacteroidetes unclassified family F082 was also reduced in the GP and GPC groups compared to the HA group. These results indicate that significant ecological diversity exists in the host and feed types within this genus and uncultured family. However, the ruminal role of the Bacteroidetes unclassified family F082 is still unclear (Chiariotti et al., 2020) and will be researched in further study. Besides, the authors found that the abundance of Succinivibrio, a short-chain fatty acid-producing bacteria (Louis and Flint, 2009; Ticinesi et al., 2017), was significantly increased in the GP group, which could be explained by the starch granules used during pellet processing, which made it stay longer in the rumen (Lin T. et al., 2021). The genus Succiniclasticum is the main participant in producing propionate, the critical precursor of glucose in ruminants (Van Gylswyk, 1995; Liu et al., 2019). In this study, Succiniclasticum_UCG-002 was significantly increased in the GP group, which is consistent with previous reports that Succiniclasticum increased in pellet diets. It contributes to the pelleting process (Trabi et al., 2019). Indeed, the different substrates of the diet affect the growth of rumen microbiota (Maslowski and Mackay, 2011; Li et al., 2012; Kasparovska et al., 2016). Previous reports found that Prevotella_1, Rikenellaceae_RC9_gut_group, F082_unclassfied, and Succinivibrio were the genera of the core-microbiome (Du et al., 2022; Zhou et al., 2022). In the present study, these genera were influenced by the physical forms and chemical compositions, whereas the stability of the most abundant bacteria can reflect the presence of the genus-core microbiome (Henderson et al., 2015; Lin T. et al., 2021). The ruminal microbial ecosystem could provide ~70% of the energy that ruminants need, and the rumen microbiome has been linked to host feed efficiency and animal performance (Anderson et al., 2017; Bickhart and Weimer, 2018; Rosenberg and Zilber-Rosenberg, 2018). However, prior research found no significant positive or negative correlations between the dominant genera and animal performance in lambs (Du et al., 2022).

The results of KEGG analysis at gene levels 1 through 3 were consistent. Compared to the GP and GPC groups, the abundance of amino acid and carbohydrate metabolism genes was decreased, which could contribute to cellulose metabolism, and hemicellulose could provide many compounds beneficial for bacterial growth (Toledo et al., 2017; Su et al., 2021). Amino acid metabolism also provides energy and carbon sources for bacteria (Sanchez et al., 2017). These results revealed that the degradation of large carbohydrates and proteins resulted in increased levels of amino acids, which the microbiota could utilize in the HA group. The higher abundance of fiber in the HA group may be the main reason. The gene abundance of folding, sorting, and degradation, and cellular processes and signaling increased in the GP group, which follows the prior research that concentrates on the cellular process and genetic information processing in the high-forage diets (Lin L. et al., 2021). These predicted metabolic functions were related to compound production and cellular processes, suggesting enzyme synthesis. More activity associated with cell metabolism and genetic information processing in the GP group could contribute to the higher DMI, and high-forage diets are mainly devoted to maintaining basic survival capabilities for growth (Lamendella et al., 2011; Lin L. et al., 2021). The abundance associated with amino acid metabolism, nucleotide metabolism, and energy metabolism was detected in the GPC group compared to those in the HA and GP groups. The higher final BW weight and the lower growth rate might be the main reasons (Flint et al., 2012; Furman et al., 2020). The bacteria were correlated with different kinds of metabolic pathways, revealing that the multiple metabolic pathways were active in responding to different feed types.



Conclusion

This study explored the effects of feed types on growth performance and the rumen bacterial microbiota of lambs. It can be concluded that, compared to the HA group, the GP and GPC diets could increase the DMI and ADG of lambs, and the GPC groups performed best among the three groups and altered the composition and function of the rumen microbiota. One of the limitations of the current study was the homogenizing of rumen samples for analysis and reflecting the microbial community of lambs. Regardless, the findings of this study could provide a direct perspective and fundamental knowledge of the rumen microbiota in response to feeding types. In a further study, the relationship between rumen microbiota and function with feed type and meat quality should be explored to identify whether the rumen microbiota can contribute to host growth and meat quality.
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